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Abstract	  
The	   energy	   sector	   is	   currently	   in	   a	   state	   of	   change	   as	   conventional	   energy	   sources	   are	  
questioned	   by	   the	   need	   of	   new	   clean	   and	   sustainable	   energy	   sources	   to	   satisfy	   the	   global	  
energy	  demand	  in	  the	  long	  term.	  Renewable	  energies	  respond	  to	  this	  increasing	  demand	  and	  
solar	  energy	  is	  an	  advanced	  example	  of	  them.	  Photovoltaic	  modules	  are	  experiencing	  a	  steady	  
reduction	   in	   their	  production	  costs.	   It	   is	  needed	   that	   this	   trend	  continues	  and,	  along	  with	   it,	  
their	   propagation	   and	   expansion	   in	   the	  market	   continues.	   One	   way	   of	   reducing	   production	  
costs	   is	   by	   using	   inexpensive	   light	   concentrators	   to	   increase	   the	   output	   of	   the	   costly	  
photovoltaic	  cell.	  In	  this	  respect,	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  has	  been	  designed	  based	  
on	   this	   principle.	   This	   collector	   is	   a	   CPC	   (Compound	   Parabolic	   Collector)	   and	   belongs	   to	   the	  
MaReCo	  (Maximum	  Reflector	  Collector)	  family.	  
The	  aim	  of	   this	   thesis	   is	   to	  deeply	   investigate	   this	   technology	   in	   two	  main	  areas.	   Firstly,	   the	  
collector	  will	  be	  tested	  both	  electrically	  and	  thermally	  in	  order	  to	  evaluate	  its	  performance.	  To	  
do	  so,	  a	  solar	  test	  rig	  has	  been	  built	  and	  connected	  at	  the	  building	  Hall	  45	  of	  Högskolan	  i	  Gävle,	  
Gävle,	  Sweden.	  The	  second	  main	  area	  of	  investigation	  of	  this	  thesis	  is	  to	  determine	  the	  optimal	  
price	   for	   the	  Solarus	  AB	  hybrid	  PV/T	  collector	   in	  order	   to	  be	  competitive	   in	   the	   solar	  energy	  
market.	   This	   study	   will	   be	   based	   in	   the	   current	   market	   prices	   of	   photovoltaic	   and	   thermal	  
collectors.	  	  
Regarding	  the	  electrical	  performance	  of	  the	  collector,	  the	  results	  obtained	  show	  that	  the	  front	  
side	  of	  the	  receiver	  produces	  more	  electricity	  throughout	  the	  day	  than	  the	  reflector	  side.	  This	  
has	   guided	   Solarus	   AB	   to	   decide	   to	   change	   the	   design	   of	   its	   receiver	   to	   improve	   its	  
performance.	  With	  the	  current	  design,	  it	  has	  been	  obtained	  a	  peak	  power	  at	  STC	  of	  220W.	  In	  
relation	  with	  the	  thermal	  part,	  the	  heat	  losses	  of	  the	  collector	  have	  been	  estimated	  obtaining	  a	  
U	  value	  of	  6,8W/(m2*K),	  a	  thermal	  optical	  beam	  efficiency	  of	  63,5%	  and	  a	  total	  optical	  beam	  
efficiency	  of	  74,5%.	  
The	   price	   market	   study	   of	   photovoltaic	   and	   thermal	   collector	   has	   shown	   that	   2m2	   of	   the	  
Solarus	  AB	  hybrid	  PV/T	  collector	  produces	  approximately	  the	  same	  annual	  electricity	  and	  heat	  
as	   1,1m2	   of	   a	   photovoltaic	  module	   with	   an	   efficiency	   of	   15,5%	   and	   a	   flat	   plate	   collector	   of	  
0,85m2	  of	  aperture	  area.	  According	  to	  the	  market	  study,	  its	  cost	  is	  equivalent	  to	  190€	  for	  the	  
PV	  module	  and	  220€	   for	   the	   flat	  plate	  collector.	  This	  means	   that	   the	  price	  of	   the	  Solarus	  AB	  
hybrid	  PV/T	  collector	  should	  be	  lower	  than	  410€.	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  𝑏!	  	   Characteristic	  parameter	  in	  the	  angle	  of	  incidence	  modifier.	  
Cp	   Specific	  heat	  [kJ/(kg*K)].	  𝐶𝑅!	   Geometric	  concentration	  ratio	  of	  a	  CPC	  collector.	  
FF	   Fill	  factor.	  
Gb	  	   Beam	  irradiance	  on	  the	  collector	  [W/m2].	  
Gd	  	   Diffuse	  irradiance	  on	  the	  collector	  [W/m2].	  
Imp	   Current	  output	  at	  the	  maximum	  power	  point	  [A].	  
Isc	   Short	  circuit	  current.	  The	  maximum	  current,	  at	  zero	  voltage	  [A].	  𝐾!	   Angle	  of	  incidence	  modifier.	  𝐾!"##$%& 	   Incidence	  modifier	  for	  diffuse	  irradiance.	  
N	   Number	  of	  observations.	  
Pmp	   Power	  output	  at	  the	  maximum	  power	  point	  [W].	  
PTotal	   Total	  power	  [W].	  
PTh	   Thermal	  power	  [W].	  
SB	   Beam	  solar	  irradiance	  [W/m2].	  
SC	   Solar	  irradiance	  in	  the	  plane	  of	  the	  collector	  [W/m2].	  
SD	   Diffuse	  solar	  irradiance	  [W/m2].	  
SG	   Global	  (hemispherical)	  solar	  irradiance	  [W/m2].	  
Tamb	   Ambient	  temperature	  [ºC].	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Tin	   Inlet	  temperature	  [ºC].	  
Tm	   Mean	  collector	  temperature	  [ºC].	  
Tout	   Outlet	  temperature	  [ºC].	  
Vmp	   Voltage	  output	  at	  the	  maximum	  power	  point	  [V].	  
Voc	   Open	  circuit	  voltage.	  The	  maximum	  voltage,	  at	  zero	  current	  [V].	  
Wp	   Peak	  power	  at	  STC	  [W].	  𝑉	   Fluid	  flow	  rate	  [l/h	  or	  l/s].	  
Greek	  symbols	  δ𝐴!"## 	   Uncertainty	  in	  the	  effective	  cell	  area	  [m2].	  δ𝐴!"#$%&$# 	   Uncertainty	  in	  the	  aperture	  area	  [m2].	  
δb	   Uncertainty	  in	  the	  breadth	  readings	  [m].	  δFF	   Uncertainty	  in	  fill	  factor.	  
δI	   Uncertainty	  in	  the	  current	  readings	  [A].	  
δl	   Uncertainty	  in	  the	  length	  readings	  [m].	  δ𝑃!"	   Uncertainty	  in	  the	  power	  output	  at	  maximum	  power	  point	  [W].	  δPTotal	   Uncertainty	  in	  the	  total	  power	  [W].	  δPTh	   Uncertainty	  in	  the	  thermal	  power	  [W].	  
δS	  	   Uncertainty	  in	  the	  solar	  irradiance	  [W/m2].	  
δSD	   Uncertainty	  in	  the	  diffuse	  solar	  irradiance	  [W/m2].	  
δSG	   Uncertainty	  in	  the	  global	  (hemispherical)	  solar	  irradiance	  [W/m2].	  
δTa	   Uncertainty	  in	  the	  ambient	  tempature	  [ºC].	  
δTin	   Uncertainty	  in	  the	  inlet	  tempature	  [ºC].	  
δTout	   Uncertainty	  in	  the	  outlet	  tempature	  [ºC].	  
δV	   Uncertainty	  in	  the	  voltage	  readings	  [V].	  δ𝑉!	   Uncertainty	  in	  the	  fluid	  flow	  rate	  for	  the	  bottom	  trough	  [l/h	  or	  l/s].	  δ𝑉! 	   Uncertainty	  in	  the	  fluid	  flow	  rate	  for	  the	  top	  trough	  [l/h	  or	  l/s].	  
δw	   Uncertainty	  in	  the	  width	  readings	  [m].	  δ𝜂!" 	   Uncertainty	  in	  the	  electrical	  efficiency	  using	  the	  effective	  cell	  area.	  δ𝜂!!	   Uncertainty	  in	  the	  thermal	  efficiency	  using	  the	  effective	  cell	  area.	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δ𝜂!"#$% 	   Uncertainty	  in	  the	  total	  efficiency	  using	  the	  effective	  cell	  area.	  𝜂!" 	   Electrical	  efficiency	  using	  the	  effective	  cell	  area.	  𝜂!",!"	   Electrical	  efficiency	  using	  the	  aperture	  area.	  𝜂!!	  	   Optical	  efficiency	  for	  beam	  irradiance.	  𝜂!!,!"##$%& 	   Optical	  efficiency	  for	  diffuse	  irradiance.	  𝜂! 	   Electrical	  efficiency	  of	  a	  PV	  module	  using	  the	  total	  area.	  𝜂!!	   Thermal	  efficiency	  using	  the	  effective	  cell	  area.	  𝜂!"#$% 	   Total	  efficiency	  using	  the	  effective	  cell	  area.	  𝜃	   Angle	  of	  incidence	  [rad].	  𝜃!""#$%	   Acceptance	  angle.	  
ρ	   Density	  [kg/m3].	  σ!	   Standard	  deviation.	  σ!	   Standard	  deviation	  of	  the	  mean.	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Glossary	  
B2	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  and	  reflector	  side.	  
BF	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  side.	  
BR	   Electrical	  testing	  of	  the	  bottom	  trough,	  reflector	  side.	  
CPC	  	   Compound	  Parabolic	  Collector.	  	  
EPIA	   European	  Photovoltaic	  Industry	  Association.	  
GHGs	   Green	  House	  Gases.	  
HiG	   Högskolan	  i	  Gävle.	  
MaReCo	  	   Maximum	  Reflector	  Collector.	  
MELACS	   Micro	  Energy	  Logger	  And	  Control	  System,	  open	  source	  device	  buit	  by	  Inresol	  AB	  
described	  in	  Section	  5.1.2.	  
PV	  	   Photovoltaic	  modules.	  
PV/T	  	   Photovoltaic	  Thermal	  hybrid	  systems.	  
STC	  	   Standard	   Test	   Conditions	   for	   solar	   modules:	   T=298K,	   S=1000W/m²,	   and	   solar	  
spectrum	  of	  AM1.5.	  
T	  	   Thermal	  collectors.	  
T2	   Electrical	  testing	  of	  the	  top	  trough,	  front	  and	  reflector	  side.	  
TF	   Electrical	  testing	  of	  the	  top	  trough,	  front	  side.	  
TR	   Electrical	  testing	  of	  the	  top	  trough,	  reflector	  side.	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1-­‐ Introduction	  
Energy	   is	   considered	   a	   main	   agent	   for	   the	   future	   and	   development	   of	   humanity.	   It	   is	  
recognized	  worldwide	  that	  there	  is	  a	  strong	  relationship	  between	  the	  availability	  of	  energy	  and	  
economic	   activity.	   According	   to	   the	   U.S.	   Energy	   Information	   Administration,	   the	  world	   total	  
energy	  consumption	  is	  expected	  to	  keep	  growing	  at	  an	  annual	  average	  rate	  of	  1,5%	  from	  2010	  
to	  2040	   [U.S.	  EIA,	  2013-­‐07-­‐25].	  Nevertheless,	   the	  existence	  of	  emerging	  countries,	   leaded	  by	  
the	  BRICS	   (Brazil,	  Russia,	   India,	  China	  and	  South	  Africa),	   represent	  new	   industrialized	  regions	  
with	   their	   increasingly	  energy	  demand.	  But,	  what	  are	   the	  main	   sources	  of	  energy	   consumed	  
currently?	  As	  it	  can	  be	  seen	  in	  Figure	  1.1,	  hydrocarbons	  still	  remain	  the	  main	  source	  of	  energy	  
consumed	  worldwide.	  
	  
Figure	  1.1:	  World	  total	  energy	  consumption	  by	  fuel	  in	  2013.	  Source:	  adapted	  from	  [U.S.	  EIA,	  2013-­‐07-­‐
25].	  	  
Though	   it	   is	   expected	   that	   hydrocarbons	   will	   continue	   being	   the	  most	   consumed	   source	   of	  
energy	  in	  2040,	  it	  is	  predicted	  that	  other	  sources	  of	  energy	  will	  grow	  at	  an	  annual	  average	  rate	  
of	  2,5%	  while	  hydrocarbons	  will	  grow	  at	  an	  annual	  average	  rate	  of	  0,9%	  [U.S.	  EIA,	  2013-­‐07-­‐25].	  
There	  are	  two	  main	  factors	  that	  explain	  these	  expected	  trends:	  economics	  and	  sustainability.	  
Firstly,	  fossil	  fuels	  remain	  the	  main	  source	  of	  energy	  as	  they	  are	  the	  cheapest	  way	  of	  producing	  
energy.	   Currently,	   since	   worldwide	   oil	   reserves	   are	   declining	   and	   becoming	   rare,	   the	   oil	  
remaining	   is	   heavier	   and	   in	   deeper	   layers	   of	   the	   Earth.	   This	   leads	   to	   having	   to	   invest	  more	  
resources	  and	  energy	  to	  extract	  it	  and,	  consequently,	  to	  higher	  end-­‐customer	  prices.	  As	  it	  can	  
be	  seen	  in	  Figure	  1.2,	  retail	  petrol	  prices	  in	  the	  U.S.	  have	  been	  growing	  in	  the	  last	  years	  and,	  as	  
said,	  its	  expected	  trend	  is	  to	  continue	  increasing.	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Figure	  1.2:	  Retail	  Gasoline	  and	  Diesel	  prices	  since	  1994.	  Source:	  [U.S.	  EIA,	  2014-­‐31-­‐03].	  
Secondly,	   sustainability	   is	   another	  main	   factor	   that	  explains	   the	  expected	  worldwide	   shift	   to	  
other	   energy	   sources.	   As	   shown	   in	   Figure	   1.3,	   the	   concentration	   of	   CO2	   present	   at	   the	  
atmosphere	  has	  grown	  quickly	  since	  1950.	  	  	  
	  
Figure	  1.3:	  Observed	  globally	  and	  annually	  averaged	  CO2	  concentrations	  in	  parts	  per	  million	  since	  1950	  
with	  projections	  from	  the	  previous	  IPCC	  assessments.	  Source:	  [IPCC,	  2013-­‐11-­‐11].	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The	   IPCC	   also	   present	   in	   their	   report	   [IPCC,	   2013-­‐11-­‐11]	   that	   the	   concentration	   of	   other	  
greenhouse	  gases	  (GHGs)	  such	  as	  CH4	  or	  N2O	  have	  rapidly	  increased	  in	  the	  last	  years,	  alongside	  
the	   increase	   in	   CO2.	   These	   concentrations	   of	   pollutants	   and	   GHGs	   in	   the	   atmosphere	   have	  
caused	  huge	  effects	   in	  the	  evolution	  of	  the	  medium	  temperatures	  of	  the	  air	  and	  the	  oceans,	  
the	  melting	   of	   the	   polar	   ice	   caps,	   the	   increase	   of	   the	   oceans	   level	   and	   the	   behavior	   of	   the	  
ecosystems.	   In	   short,	   these	   two	  main	   factors	   emphasize	   the	   importance	  of	   other	   sources	  of	  
energy	  which	  are	  both	  more	  sustainable	  and	  environmentally	  friendly.	  	  	  
Solar	  energy	  represents	  a	  great	  alternative	  to	  fossil	  fuels.	  It	  lends	  great	  advantages	  to	  human	  
beings	  as	  it	  is	  abundantly	  available	  and	  environmentally	  friendly	  as	  it	  can	  be	  supplied	  with	  non	  
environmental	  pollution.	  These	  advantages	  are	  currently	  having	  its	  consequent	  effects	  and	  the	  
solar	  energy	  industry	  has	  been	  growing	  during	  the	  last	  years.	  Figure	  1.4	  shows	  the	  evolution	  of	  
the	  global	  PV	  cumulative	  installed	  capacity,	  with	  a	  notable	  growth	  since	  2007.	  	  
	  
Figure	  1.4:	  Evolution	  of	  global	  PV	  cumulative	  installed	  capacity	  2000-­‐2012	  [MW].	  Source:	  [EPIA,	  2013-­‐
05-­‐08].	  
In	  this	  respect,	  the	  EPIA	  has	  estimated	  the	  European	  photovoltaic	  cumulative	  installed	  capacity	  
until	   2017	   based	   on	   two	   scenarios:	   the	   Business-­‐as-­‐Usual	   scenario	   (assumes	   a	   rather	  
pessimistic	  market	  behavior	  with	  no	  major	  reinforcement	  or	  adequate	  replacement	  of	  existing	  
support	  mechanisms)	  and	  the	  Policy-­‐Driven	  scenario	  (assumes	  the	  continuation,	  adjustment	  or	  
introduction	   of	   adequate	   support	   mechanisms,	   accompanied	   by	   a	   strong	   political	   will	   to	  
consider	  photovoltaic	  as	  a	  major	  power	  source	  in	  the	  coming	  years)	  [EPIA,	  2013-­‐05-­‐08].	  Figure	  
1.5	  shows	  their	  predictions	  based	  on	  both	  scenarios.	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Figure	  1.5:	  European	  PV	  cumulative	  installed	  capacity	  prediction	  scenarios	  until	  2017	  [MW].	  Source:	  
[EPIA,	  2013-­‐05-­‐08].	  
These	  predictions	  and	  expected	  trend	  performed	  by	  the	  EPIA	  are	  reinforced	  with	  the	  current	  
downward	   trend	   in	   photovoltaic	   cells	   production	   costs.	   To	   date,	   PV’s	   relatively	   high	  
manufacturing	  costs	  in	  relation	  to	  other	  energy	  sources	  such	  as	  fuel	  oils	  have	  prevented	  their	  
massive	   implementation.	   The	   current	   downward	   trend	   in	   prices,	   coupled	  with	   rising	   cost	   of	  
hydrocarbon	  fuels	  is	  reversing	  the	  situation.	  
	  
Figure	  1.6:	  Crystalline	  modules	  production	  costs	  [€/Wp]	  in	  Germany,	  China	  and	  Japan.	  Source:	  adapted	  
from	  [Pvxchange,	  April	  2014].	  
0	  
0,4	  
0,8	  
1,2	  
1,6	  
2	  
Pr
od
uc
Lo
n	  
co
st
s	  [
€/
W
p]
	  
Germany	  
China	  
Japan	  
	  5	  
	  
1.1 Motivation	  
The	   energy	   sector	   is	   currently	   in	   a	   state	   of	   change	   as	   conventional	   energy	   sources	   are	  
questioned	   by	   the	   need	   of	   new	   clean	   and	   sustainable	   energy	   sources	   to	   satisfy	   the	   global	  
energy	  demand	  in	  the	  long	  term.	  Not	  only	  fossil	  fuels	  are	  in	  the	  focus	  of	  the	  discussion	  for	  their	  
rising	   prices	   and	   contamination	   but	   also	   nuclear	   energy	   is	   debated	   after	   the	   Fukushima	  
accident	   in	  2011.	  Renewable	  energies	   respond	  to	   this	   increasing	  demand	  of	  environmentally	  
respectful	  energy	  sources.	  This	  growth	  trend	  is	  reinforced	  by	  their	  actual	  downward	  trend	  of	  
their	  production	  costs.	  Thereby,	  PV	  needs	  to	  continue	  lowering	  costs	  to	  be	  competitive	  in	  the	  
market.	  Reducing	  costs	  can	  be	  achieved	  in	  two	  ways,	  either	  by	  increasing	  the	  efficiency	  of	  the	  
system	  with	  a	  moderate	  extra	  cost	  or	  by	  reducing	  the	  costs	  significantly	  without	  reducing	  the	  
efficiency	  too	  much.	  One	  approach	  to	  this	  problem	  is	  to	  use	  light	  concentrators	  to	  increase	  the	  
output	  of	  the	  photovoltaic	  cell	  while	  reducing	  its	  production	  costs.	  Since	  solar	  cells	  remain	  the	  
most	   expensive	   component	   of	   solar	   systems,	   reducing	   its	   needed	   area	   will	   reduce	   the	  
manufacturing	  costs	  of	  the	  collector.	  In	  addition,	  solar	  cells	  need	  to	  be	  cooled	  down	  because	  
when	   their	   temperature	   rises	   their	   efficiency	   lowers.	   This	   can	   be	   solved	   by	   transferring	   this	  
heat	  to	  a	  fluid	  and	  so	  thereby	  both	  reduce	  the	  temperature	  of	  the	  cells	  and	  convert	  the	  heat	  
into	  useful	  energy.	  	  
In	   this	   respect,	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   has	   been	   designed	   based	   on	   these	  
principles.	  This	  collector	  is	  a	  CPC	  (Compound	  Parabolic	  Collector)	  and	  belongs	  to	  the	  MaReCo	  
(Maximum	   Reflector	   Collector)	   family.	   The	   aim	   of	   this	   thesis	   is	   to	   deeply	   investigate	   this	  
technology	   in	   two	   main	   areas.	   Firstly,	   the	   collector	   will	   be	   tested	   in	   order	   to	   evaluate	   its	  
performance.	   Previous	   tests	   and	   evaluations	   have	  been	  done	   to	   the	   Solarus	  AB	  hybrid	   PV/T	  
collector	  but	  it	  is	  necessary	  to	  obtain	  more	  reliable	  and	  contrasted	  data	  about	  it.	  Two	  different	  
measurement	   procedures	   will	   be	   carried	   out.	   In	   the	   first	   place,	   the	   electrical	   part	   of	   the	  
collector	  will	   be	   evaluated	   (Section	   4).	   This	  measurement	   procedure	   is	   simpler	   and	   requires	  
less	   equipment	   so	   it	   has	   been	   done	   while	   the	   necessary	   equipment	   for	   the	   second	  
measurement	  procedure	  was	  not	  ready.	  Its	  main	  purpose	  is	  to	  perform	  daily	  curves	  to	  get	  to	  
estimate	   its	   electrical	   efficiency,	   daily	   energy	   generation	   and	   peak	   power	   at	   STC.	   Also,	   two	  
different	  cell	  sizes	  will	  be	  compared	  to	  get	  to	  know	  which	  of	  them	  is	  better	  to	  use	  (ones	  one	  
third	   the	   size	   of	   a	   standard	   cell	   and	   the	   others	   one	   sixth	   the	   size	   of	   a	   standard	   cell).	   In	   the	  
second	  place,	  the	  collector	  will	  be	  evaluated	  both	  electrically	  and	  thermally	  (Section	  5).	  To	  do	  
so,	  a	  solar	  test	  rig	  has	  been	  built	  and	  connected	  by	  the	  author	  in	  collaboration	  with	  staff	  from	  
Högskolan	  i	  Gävle	  and	  Solarus	  AB	  at	  	  the	  building	  Hall	  45	  of	  Högskolan	  i	  Gävle,	  Gävle,	  Sweden.	  
Its	   main	   purpose	   is	   to	   get	   to	   know	   its	   thermal	   performance	   by	   estimating	   its	   heat	   losses	  
coefficients	   and	   thermal	   power.	   In	   addition,	   the	   electrical	   results	   from	   the	   previous	   testing	  
methodology	  will	  be	  compared	  and	  contrasted	  with	  the	  new	  ones.	  	  	  
Secondly,	   one	  of	   the	  main	  advantages	  of	  hybrid	  PV/T	   collectors	   is	   that	   their	  production	  and	  
installation	   should	   be	   cheaper	   than	   combining	   photovoltaic	   and	   thermal	   collectors.	   So,	   the	  
second	  area	  of	  investigation	  of	  this	  thesis	  is	  to	  determine	  the	  optimal	  price	  for	  the	  Solarus	  AB	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hybrid	  PV/T	  collector	  in	  order	  to	  be	  competitive	  in	  the	  solar	  energy	  market.	  This	  study	  will	  be	  
based	  in	  the	  current	  market	  prices	  of	  PV	  and	  T	  collectors.	  	  
Finally,	  from	  a	  personal	  point	  of	  view,	  this	  thesis	  will	  provide	  the	  author	  extensive	  knowledge	  
in	   solar	   energy	   technologies.	   The	   testing	   of	   the	   collector	  will	   allow	   him	   to	   get	   to	   know	   the	  
system	  from	  a	  very	  practical	  point	  of	  view	  while	  the	  market	  study	  will	  give	  him	  an	  idea	  of	  the	  
current	  and	  future	  economical	  viability	  of	  solar	  systems	  and	  the	  energy	  sector	  as	  a	  whole.	  	  
1.2 Objectives	  
As	  a	  summary	  of	  Section	  1.1,	  the	  four	  main	  objectives	  of	  this	  thesis	  are	  below	  listed:	  
1. Build	  and	  connect	  a	  solar	  thermal	  test	  rig	  at	  Högskolan	   i	  Gävle	  to	  be	  able	  to	  test	  the	  
collector.	  
2. Evaluate	   the	   electrical	   and	   thermal	   performance	   of	   the	   Solarus	   AB	   hybrid	   PV/T	  
collector.	  
3. Determine	   the	   optimal	   price	   for	   the	   Solarus	  AB	  hybrid	   PV/T	   collector	   in	   order	   to	   be	  
competitive	  in	  the	  solar	  energy	  market	  based	  on	  PV	  and	  T	  collectors.	  
4. Create	  recommendations	  to	  Solarus	  AB	  based	  on	  the	  results	  of	  both	  studies.	  
1.3 About	  Solarus	  AB	  
	  
Figure	  1.7:	  Solarus	  AB	  logotype.	  Source:	  Google	  images.	  
Solarus	   AB	   is	   a	   small-­‐medium	   Swedish	   solar	   energy	   company	   that	   produces	   and	   sells	  
concentrating	   thermal,	   photovoltaic	   and	   hybrid	   PV/T	   solar	   panels.	   All	   their	   current	   products	  
belong	   to	   the	   MaReCo	   family.	   This	   family	   of	   products	   attempts	   to	   minimize	   the	   collector	  
material	   in	  order	  to	  minimize	  costs	  and	  is	  further	  explained	  in	  Section	  2.3.2.1.	  The	  mission	  of	  
Solarus	  AB	  is	  “to	  enable	  as	  many	  people	  as	  possible	  to	  use	  solar	  power	  to	  improve	  their	  living	  
conditions,	  their	  economical	  situation	  and	  the	  environmental	  they	  live	  in”.	  	  
	  
Figure	  1.8:	  Solarus	  AB	  timeline.	  Source:	  [Solarus	  AB,	  2014].	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It	  was	  founded	  in	  2006	  in	  Norrtäljie,	  Sweden,	  by	  Niclas	  Stenlund	  and	  Stefan	  Larsson	  as	  a	  small	  
scale	   producer	   of	   thermal	   collectors	   for	   the	   local	  market.	   In	   2009,	   the	   development	   of	   the	  
hybrid	   PV/T	   collector	   started	   and	   the	   company	   shifted	   its	   view	   to	   a	   more	   global	   market.	  
Recently,	  it	  has	  opened	  a	  new	  production	  facility	  in	  the	  city	  of	  Gävle	  (150	  kilometers	  north	  of	  
Stockholm)	   and	   is	   currently	   planning	   to	   open	   the	   first	   of	   a	   number	   of	   large	   scale	   industrial	  
production	  facilities	  [Solarus	  AB,	  2014].	  
1.4 Outline	  
This	   thesis	   is	   divided	   in	   four	  main	   areas.	   Firstly,	  Section	  2	  and	  Section	  3	   attempt	   to	   give	   the	  
reader	  a	  theoretical	  background	  and	  an	   introduction	  to	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
Section	   2	   gives	   the	   reader	   basic	   understanding	   in	   solar	   energy,	   introducing	   the	   photovoltaic	  
effect	  and	  different	  solar	  thermal	  technologies.	  It	  ends	  up	  with	  the	  research	  background	  of	  the	  
MaReCo	  design.	  Furthermore,	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  is	  based	  on	  this	  design	  and	  
is	  described	  in	  Section	  3.	  	  	  
To	  continue,	  the	  second	  main	  area	  of	  the	  thesis	  is	  composed	  by	  Section	  4	  and	  Section	  5	  as	  they	  
present	  the	  results	  and	  discussions	  of	  the	  two	  testing	  procedures	  performed	  to	  the	  Solarus	  AB	  
hybrid	  PV/T	  collector.	  	  
The	  third	  main	  area	  of	  this	  thesis	  corresponds	  to	  Section	  6.	  It	  presents	  the	  research	  done	  with	  
the	  objective	  of	  determining	  the	  optimal	  price	  that	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  should	  
have	   in	  order	   to	  achieve	  a	  competitive	  position	   in	   the	  market.	  As	  said,	   this	   study	   is	  based	   in	  
comparing	  it	  to	  PV	  and	  T	  collectors.	  
Finally,	  Section	  7	   illustrates	   the	   conclusions	  achieved	  and	  makes	   future	   recommendations	   to	  
Solarus	  AB.	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2-­‐ Theoretical	  background	  
2.1 Solar	  Radiation	  
The	   Sun	  has	   an	  effective	  blackbody	   temperature	  of	   5777K.	   It	   is	   a	  hot	   sphere	   that	   generates	  
energy	   through	   nuclear	   fusion	   reactions	   converting	   continuously	   hydrogen	   into	   helium.	   The	  
energy	  generated	  is	  due	  to	  the	  lost	  mass	  between	  the	  less	  massive	  helium	  nucleus	  generated	  
and	   the	   hydrogen	   protons.	   The	   intensity	   of	   solar	   radiation	   results	   in	   a	   nearly	   fixed	   value	  
outside	   the	  earth’s	   atmosphere,	  Gsc	   =	  1367W/m2.	   This	   value	   is	   known	  as	   the	   solar	   constant,	  
Gsc,	  and	  it	  is	  defined	  as	  follows:	  “the	  energy	  from	  the	  sun	  per	  unit	  time	  received	  on	  a	  unit	  area	  
of	   surface	   perpendicular	   to	   the	   direction	   of	   propagation	   of	   the	   radiation	   at	  mean	   earth-­‐sun	  
distance	   outside	   the	   atmosphere”	   [John	   A.	   Duffie	   &	   William	   A.	   Beckman,	   2006].	   The	   solar	  
irradiance	  produced	   in	   the	   interior	  of	   the	   solar	   sphere	  must	  be	   transferred	  out	   to	   the	   Sun’s	  
surface	   and	   then	   radiated	   into	   space.	   During	   this	   process,	   the	   solar	   radiation	   is	   reduced	   by	  
complex	   interactions	  with	  the	  atmosphere,	  which	  absorbs	  radiation	  and	  converts	   it	   into	  heat	  
and	  scatters,	  this	  is,	  part	  of	  the	  incoming	  solar	  radiation	  is	  diffused	  by	  small	  particles	  and	  gas	  
molecules	   in	   random	   directions;	   and	   the	   earth’s	   surface,	   which	   absorbs	   and	   reflects	   the	  
incoming	   radiation.	   As	   a	   result,	   on	   an	   average	   clear	   day,	   the	   amount	   of	   solar	   irradiance	   is	  
reduced	  from	  the	  solar	  constant	  to	  1000	  W/m².	  This	  process	  is	  shown	  in	  Figure	  2.1.	  
	  
Figure	  2.1:	  Typical	  AM1	  clear	  sky	  absorption	  and	  scattering	  of	  incident	  sunlight.	  Source:	  [Stuart	  R.	  
Wenham,	  2007].	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As	   it	   is	  shown,	  solar	  radiation	  arrives	  to	  the	  Earth	   in	  two	  different	  ways:	  beam	  radiation	  and	  
diffuse	   radiation.	   Beam	   radiation	   is	   the	   one	   received	   directly	   from	   the	   sun,	   without	   having	  
been	   scattered	   by	   the	   atmosphere.	   In	   the	   other	   hand,	   diffuse	   radiation	   is	   the	   one	   that	   has	  
been	  scattered	  by	  the	  atmosphere	  and	  thus	  his	  direction	  has	  changed.	  	  
They	   are	   three	  main	   types	   of	   solar	   systems:	   photovoltaic	  modules	   (which	   convert	   the	   solar	  
radiation	  into	  electricity),	  thermal	  collectors	  (which	  convert	  the	  solar	  radiation	  into	  heat)	  and	  
hybrid	  Photovoltaic/Thermal	  collectors	  (which	  convert	  the	  solar	  radiation	  into	  both	  electricity	  
and	   heat).	   These	   technologies	   will	   be	   deeply	   investigated	   in	   Section	   2.2,	   Section	   2.3	   and	  
Section	  2.4.	  
2.2 Photovoltaic	  Fundamentals	  
As	  said,	  solar	  radiation	  can	  be	  directly	  converted	  into	  electricity	  using	  photovoltaic	  (PV)	  cells.	  
Solar	   cells	   are	   manufactured	   from	   semiconductor	   materials	   which	   produce	   electric	   current	  
when	  exposure	  to	  light.	  They	  consist	  on	  a	  junction	  between	  two	  thin	  layers	  of	  semiconducting	  
materials,	   what	   is	   called	   a	   “P-­‐N”	   junction.	   N-­‐type	   semiconductors	   are	   usually	   doped	   with	  
phosphorus	   so	   that	   they	   have	   a	   surplus	   of	   free	   electrons	   while	   P-­‐type	   semiconductors	   are	  
usually	  doped	  with	  boron,	  leading	  them	  to	  a	  deficit	  of	  free	  electrons.	  	  
The	  band	  model,	  which	   is	   illustrated	   in	  Figure	  2.2,	  defines	   two	  semiconductor	  energy	   levels:	  
the	   valence	   band	   and	   the	   conduction	   band.	   The	   energy	   gap	   corresponds	   to	   the	   minimum	  
energy	  needed	  to	  liberate	  an	  electron	  from	  the	  valence	  band	  to	  the	  conduction	  band	  (where	  
they	  can	  conduct	  electric	  current).	  
	  
Figure	  2.2:	  Energy	  bands	  in	  a	  semiconductor.	  Source:	  [Godfrey	  Boyle,	  2004].	  
When	   the	   sunlight	   falls	   onto	   the	   semiconductor	   material,	   the	   photons	   with	   the	   sufficient	  
energy,	   this	   is,	   greater	   than	   the	  energy	  gap,	   interact	  with	  electrons	   in	   the	  valence	  band	  and	  
liberate	  them	  to	  the	  conduction	  band.	  These	  free	  electrons	  then	  move	  around	  the	  cell	  and	  the	  
generated	  electricity	   is	   due	   to	   their	   creation	   and	   feeling	  of	   holes	   in	   the	   cell.	   This	   process	  of	  
converting	   sunlight	   into	   electricity	   is	   known	   as	   the	   photovoltaic	   effect	   [Stuart	   R.	   Wenham,	  
2007].	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Figure	  2.3:	  The	  Photovoltaic	  effect.	  Source:	  [Godfrey	  Boyle,	  2004].	  
Semiconductors	  are	  usually	  made	  from	  silicon.	  Anciently,	  the	  majority	  of	  solar	  cells	  were	  made	  
of	   pure	   monocrystalline	   silicon.	   This	   type	   of	   cells	   have	   higher	   efficiencies	   but	   also	   higher	  
manufacturing	  costs	  as	  a	  single,	  continuous	  crystal	  lattice	  structure	  with	  virtually	  no	  defects	  or	  
impurities	  has	  to	  be	  achieved.	  This	  encouraged	  the	  appearance	  of	  polycrystalline	  silicon	  solar	  
cells	   which	   are	   less	   efficient	   but	   also	   less	   expensive	   to	   produce	   [Godfrey	   Boyle,	   2004]	   and	  
[Ghania	  Azzouzi	  et	  al.,	  2013].	  Recently,	   research	   for	  achieving	  more	  environmentally	   friendly	  
alternative	  cells	  has	  been	  developed	  as	  the	  silicon	  cells	  use	  toxic	  chemicals	  in	  production.	  
2.3 Solar	  Thermal	  Technologies	  
Solar	  radiation	  can	  also	  be	  used	  to	  produce	  thermal	  energy	  by	  transferring	  its	  energy	  to	  a	  fluid.	  
There	   are	   two	   main	   types	   of	   solar	   thermal	   collectors:	   non-­‐concentrating	   or	   stationary	  
collectors	  and	  concentrating	  collectors.	  	  
2.3.1 Non-­‐Concentrating	  Collectors	  
There	   are	   five	   main	   parameters	   that	   define	   the	   behavior	   of	   a	   solar	   thermal	   collector:	   η0b,	  
which	   represents	   the	   optical	   efficiency	   for	   beam	   irradiance;	   Kdiffuse,	   which	   is	   the	   incidence	  
modifier	   for	   diffuse	   irradiance;	   a1,	   the	   constant	   part	   of	   the	   overall	   heat	   loss	   coefficient	  
[W/m2*K];	  a2,	  the	  temperature	  dependent	  part	  of	  the	  overall	  heat	  loss	  coefficient	  [W/m2*K2]	  
and	  b0,	  the	  characteristic	  parameter	  in	  the	  angle	  of	  incidence	  modifier.	  Solar	  thermal	  collectors	  
need	   to	   be	   tested	   in	   order	   to	   determine	   these	   parameters.	   A	   European	   Standard	   Test	  
procedure,	   called	  EN	  12975,	  has	  been	  developed	   so	   that	   the	   results	  of	  all	   the	   tests	  made	   in	  
Europe	  become	  comparable	  [E.	  Zambolin,	  August	  2010].	  
The	  most	  common	  types	  of	  non-­‐concentrating	  collectors	  are	  flat	  plate	  collectors	  and	  vacuum	  
tube	  collectors.	  In	  order	  to	  optimize	  the	  behavior	  of	  the	  system,	  it	  is	  important	  to	  choose	  the	  
right	  collector	  for	  each	  application	  as	  they	  have	  different	  costs	  and	  performance.	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2.3.1.1 Flat	  Plate	  Collectors	  
	  
Figure	  2.4:	  Example	  of	  a	  flat	  plate	  collector.	  Source:	  Google	  images.	  
The	  main	  applications	  for	  flat	  plate	  collectors	  are	  domestic	  and	  industrial	  purposes	  where	  the	  
demanded	   temperature	   is	   low	   (less	   than	  60ºC)	  or	  medium	   ranged	   (less	   than	  100ºC)	   such	  as	  
household	   hot	   water	   heating	   or	   space	   heating.	   Figure	   2.5	   illustrates	   the	   flat	   plate	   collector	  
usual	   components.	   The	   absorber	   plate	   is	   usually	   made	   with	   metal	   and	   transfers	   the	   solar	  
energy	  absorbed	   to	   the	   liquid	   flowing	   through	   the	   tube	  array.	   Insulation	   is	   used	   in	   the	  back	  
side	  of	  the	  absorber	  plate	  to	  reduce	  conductive	  heat	  losses	  and	  a	  transparent	  cover	  is	  settled	  
above	   the	   absorber	   plate	   to	   reduce	   convection	   and	   radiation	   heat	   losses.	   Finally,	   all	   these	  
elements	  are	  contained	  in	  the	  collector	  box.	  
	  
Figure	  2.5:	  Flat	  plate	  collector	  usual	  components.	  Source:	  [V.V.	  Tyagi,	  April	  2012].	  
Their	  main	  advantages	  in	  comparison	  with	  evacuated	  tube	  collectors	  are	  their	  price	  and	  their	  
mechanical	  simplicity.	  Another	  positive	  characteristic	  of	  flat	  plate	  collectors	  is	  that	  they	  do	  not	  
need	  to	  track	  the	  Sun,	  as	  they	  absorb	  energy	  coming	  from	  all	  directions	  above	  the	  absorber.	  
Nevertheless,	  this	  virtue	  has	  its	  dark	  side	  as	  it	  is	  accompanied	  by	  greater	  cosine	  losses	  [William	  
B.	  Stine	  and	  Michael	  Geyer,	  2001].	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2.3.1.2 Evacuated	  Tube	  Collectors	  
	  
Figure	  2.6:	  Example	  of	  an	  evacuated	  tube	  collector.	  Source:	  Google	  images.	  
Evacuated	   tube	   collectors	   arise	  with	   the	  purpose	   to	   reduce	   the	  overall	   heat	   losses	   and	   thus	  
increase	  the	  efficiency	  of	  the	  collector	  at	  high	  temperatures.	  Their	  low	  heat	  losses	  are	  due	  to	  
the	   fact	   that	   the	   space	   between	   the	   glazing	   and	   the	   absorber	   is	   evacuated.	   In	   other	  words,	  
inside	  each	  tube	  nearly	  all	   the	  air	   is	  removed	  making	  a	  vacuum.	  This	  neglects	  the	  convective	  
loss,	  leaving	  radiation	  as	  the	  only	  major	  loss	  mechanism	  [E.	  Zambolin,	  August	  2010].	  The	  pipes	  
that	  are	  inside	  the	  vacuum	  tubes	  are	  generally	  of	  the	  following	  two	  types:	  
-­‐ Direct-­‐flow	  or	   “U”	  pipe.	   Inside	  each	   tube	   there	  are	   two	  pipes,	  one	   for	   the	   inlet	   fluid	  
and	  the	  other	  one	  for	  the	  outlet	  fluid.	  This	  type	  of	  structure	  has	  the	  disadvantage	  that	  
tubes	  are	  not	  easily	  replaceable	  [Liangdong	  Ma	  et	  al.,	  September	  2010].	  	  
-­‐ Heat	  pipe.	  Each	  tube	  contains	  a	  copper	  heat	  pipe.	  There	  is	  a	  small	  quantity	  of	  a	  volatile	  
liquid,	  like	  purified	  water	  or	  alcohol,	  inside	  the	  heat	  pipe	  which	  is	  able	  to	  boil	  at	  lower	  
temperatures	   than	   it	  would	   at	   atmospheric	   conditions	   thanks	   to	   the	   vacuum.	  When	  
the	   sunlight	   arrives	   to	   the	   absorber,	   the	   liquid	  heats	   up	   and	   turns	   into	  hot	   vapor.	   It	  
then	   rises	   to	   the	   top	   of	   the	   pipe	   transmitting	   its	   heat	   and	   when	   this	   happens	   it	  
condenses	   and	   flows	   back	   down	   the	   tube.	   As	   long	   as	   the	   sun	   shines,	   this	   process	  
continues	   and	   keeps	   generating	   thermal	   power.	   	   In	   relation	   with	   the	   “U”	   pipe,	   this	  
type	  of	  structure	  has	  the	  advantage	  of	  being	  easier	  to	  install	  and	  to	  repair	  its	  tubes	  [SB	  
Riffat	  et	  al.,	  April	  2005].	  
	  
Figure	  2.7:	  On	  the	  left	  side,	  the	  U	  pipe	  vacuum	  tube	  design.	  On	  the	  right	  side,	  the	  heat	  pipe	  vacuum	  
tube	  description.	  Source:	  Google	  images.	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2.3.2 Concentrating	  Collectors	  
For	  applications	  where	  delivered	  energy	   is	  demanded	  at	  higher	   temperatures,	   concentrating	  
collectors	   are	   a	   better	   choice	   than	   flat	   plate	   and	   evacuated	   tube	   collectors.	  With	   the	   same	  
energy	   input,	   they	   are	   able	   to	   deliver	   energy	   at	   higher	   temperatures	   because	   they	   have	  
decreased	  the	  area	  for	  which	  heat	   losses	  occur.	  This	   is	  done	  by	   interposing	  an	  optical	  device	  
between	   the	   source	   of	   radiation	   and	   the	   energy-­‐absorbing	   surface	   and	   so	   they	   optically	  
concentrate	  the	  solar	  energy	  before	  it	  is	  transferred	  into	  heat.	  Thus,	  an	  important	  parameter	  
in	  this	  type	  of	  collectors	  is	  the	  concentration	  ratio,	  which	  can	  be	  defined	  as	  the	  ratio	  between	  
the	   collector	   aperture	   area	   and	   the	   absorber	   area.	   Nevertheless,	   they	   have	   a	   relevant	  
disadvantage	   to	   take	   into	   account.	   As	   they	   usually	   collect	   little	   diffuse	   radiation,	   their	  
absorbing	  surface	  must	  be	  directly	  oriented	  to	  the	  incoming	  beam	  radiation	  from	  the	  Sun	  and	  
so	   they	  need	  to	  be	  able	   to	   track	   [Robert	  Pitz-­‐Paal,	  2014].	  They	  can	  be	  classified	   in	   two	  main	  
categories:	   imaging	   and	   non-­‐imaging.	   The	   four	   existing	   types	   of	   imaging	   concentrating	  
collectors	  are	  shown	  in	  Figure	  2.8	  [V.V.	  Tyagi,	  April	  2012].	  
	  
Figure	  2.8:	  Imaging	  concentrating	  collectors:	  a)	  Parabolic	  trough	  collector,	  b)	  Linear	  Fresnel	  reflector,	  c)	  
Parabolic	  dish,	  d)	  Central	  receiver	  systems.	  Source:	  Google	  images.	  
-­‐ Parabolic	  Trough	  collector.	  The	  sunlight	  that	  enters	  the	  collector	  is	  reflected	  to	  a	  focal	  
line,	  where	  the	  heated	  fluid	  flows	  through.	  They	  can	  reach	  temperatures	  up	  to	  250ºC.	  
The	  largest	  single	  solar	  power	  plant	  in	  the	  world	  is	  composed	  by	  150	  MW	  of	  this	  type	  
of	  collectors	  and	  is	  situated	  in	  the	  Mojave	  Desert,	  California.	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Figure	  2.9:	  Kramer	  Junction	  solar	  electric	  generation	  station.	  Source:	  Google	  images.	  
-­‐ Linear	  Fresnel	  reflector.	  In	  this	  type	  of	  technology	  the	  absorber	  is	  fixed	  in	  space	  above	  
the	   mirror	   field	   while	   the	   reflector	   is	   composed	   by	   many	   low	   row	   segments	   which	  
focus	   collectively	   the	   sunlight.	   This	   system	   is	   cheaper	   as	   many	   mirrors	   share	   one	  
absorber	   but	   has	   big	   problems	  with	   shading	   of	   incoming	   solar	   radiation	   by	   adjacent	  
reflectors	  which	  decreases	  its	  energy	  output.	  	  
-­‐ Parabolic	   dish.	   These	   collectors	   track	   the	   Sun	   in	   two	   axes	   to	   be	   able	   to	   reflect	   the	  
beam	  radiation	   into	   the	   thermal	   receiver	  and	  concentrate	   it	   to	   the	   focal	  point.	   They	  
can	  achieve	  temperatures	  in	  excess	  of	  1500ºC.	  
-­‐ Central	   receiver	   systems.	   It	   is	   based	   on	   a	   field	   of	   individually	   sun-­‐tracking	   mirrors,	  
called	   heliostats,	   which	   reflect	   the	   sunlight	   to	   a	   receiver	   at	   the	   top	   of	   a	   centrally	  
located	   tower.	   They	   are	   characterized	   by	   large	   power	   levels	   and	   high	   temperatures.	  
This	   technology	   has	   been	   used	   in	   the	   Solar	   One	   pilot	   plant	   at	   Barstow,	   California,	  
producing	  steam	  at	  516ºC	  at	  a	  maximum	  rate	  of	  42	  MW	  thanks	  to	  1818	  heliostats.	  	  
	  
Figure	  2.10:	  One	  pilot	  plant	  at	  Barstow,	  California.	  Source:	  Google	  images.	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Regarding	  the	  non-­‐imaging	  concentrating	  collector,	  also	  called	  Compound	  Parabolic	  Collector	  
(CPC),	  they	  have	  the	  advantage	  that	  can	  function	  without	  tracking	  the	  Sun.	  This	  simplifies	  their	  
mechanical	   issues	   and	   minimizes	   the	   difficulties	   associated	   with	   multielement	   systems.	  
However,	  to	  maximize	  their	  output	  they	  have	  to	  be	  properly	  oriented	  to	  the	  South.	  
	  
Figure	  2.11:	  The	  compound	  parabolic	  collector.	  Source:	  Google	  images.	  
As	   seen	   in	   Figure	   2.11,	   the	   receiver	   is	   placed	   in	   a	   region	   called	   receiver	   opening	   situated	  
between	   the	   focus	   of	   the	   parabolas	   A	   and	   B.	   Parabolas	   A	   and	   B	   concentrate	   the	   incoming	  
radiation	  onto	  the	  receiver	  which	  can	  be	  either	  a	  flat	  plate	  or	  cylindrical	  tubes.	  Both	  parabolas	  
are	  symmetrical	  within	  the	  axis	  of	  the	  CPC	  and	  their	  focal	  point	  lies	  respectively	  on	  the	  other	  
parabola.	  The	  axis	  of	  each	  parabola	  passes	  through	  their	  respective	  focus	  and	  they	  define	  the	  
acceptance	  angle	  of	   the	  CPC.	  This	  angle	   limits	   the	   incident	   light	   that	  will	  be	   reflected	   to	   the	  
receiver.	   In	  this	  respect,	   if	   light	  arrives	  to	  the	  collector	  with	  an	   incidence	  angle	   less	  than	  one	  
half	   of	   the	   acceptance	   angle	   it	   will	   be	   reflected	   to	   the	   receiver,	   both	   beam	   and	   diffuse	  
radiation.	  In	  the	  other	  hand,	  light	  will	  be	  reflected	  back	  out	  through	  the	  aperture	  of	  the	  CPC	  if	  
its	  incident	  angle	  is	  greater	  than	  one	  half	  of	  the	  acceptance	  angle	  [William	  B.	  Stine	  and	  Michael	  
Geyer,	  2001].	  	  
	  
Figure	  2.12:	  Light	  reflection	  from	  the	  CPC.	  a)	  Incidence	  angle	  less	  than	  acceptance	  angle;	  b)	  Incidence	  
angle	  greater	  than	  acceptance	  angle.	  Source:	  Google	  images.	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The	  geometric	  concentration	  ratio	  of	  a	  CPC	  is	  related	  to	  the	  acceptance	  angle	  as	  follows:	  𝐶𝑅! = !(!"# !!""#$%! )!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.1)	  
This	  concentration	  ratio	  can	  also	  be	  understood	  as	  a	  relation	  between	  the	  opening	  of	  the	  CPC	  
(d1)	  and	  the	  receiver	  opening	  (d2).	   𝐶𝑅! = !!!!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.2)	  
2.3.2.1 The	  MaReCo	  Family	  
A	   non-­‐tracking	   concentrating	   collector	   was	   developed	   by	   [Björn	   Karlsson	   et	   al.,	   2000]	   for	  
Swedish	   conditions,	   referred	   as	   the	   MaReCo	   family.	   Since	   solar	   cells	   remain	   the	   most	  
expensive	  part	  of	  a	  solar	  panel,	  it	  is	  desirable	  to	  maximize	  the	  reflector	  to	  absorber	  area.	  Costs	  
can	  be	  reduced	  by	  replacing	  some	  of	  the	  expensive	  absorber	  material	  with	  cheaper	  reflectors.	  
This	  also	  reduces	  heat	  losses	  as	  the	  warm	  absorber	  area	  is	  reduced,	  which	  cuts	  down	  the	  need	  
of	  insulating	  material,	  further	  reducing	  the	  material	  costs.	  This	  design	  has	  been	  named	  as	  the	  
Maximum	  Reflector	   Collector	   or	   the	  MaReCo	   collector.	   Bifacial	   absorbers	   should	   be	   used	   to	  
minimize	  the	  absorber	  area	  [Björn	  Karlsson	  et	  al.,	  2000].	  
Figure	  2.13	  shows	  the	  basic	  MaReCo	  design.	  The	  reflector	  is	  divided	  into	  three	  parts.	  The	  first	  
part,	  defined	  between	  points	  1	  and	  4	  in	  Figure	  2.13,	  is	  the	  lower	  parabolic	  reflector	  and	  has	  its	  
optical	   axis	   directed	   towards	   the	   upper	   acceptance	   angle.	   The	   second	   part,	   extended	   from	  
point	  1	  to	  point	  2	   in	  Figure	  2.13,	   is	  the	  connecting	  circular	  part	  of	  the	  reflector	  and	  transfers	  
the	  light	  to	  the	  absorber.	  The	  third	  part,	  defined	  between	  points	  2	  and	  3	  of	  Figure	  2.13,	  is	  the	  
upper	   parabolic	   rear	   reflector	   and	   has	   its	   optical	   axis	   along	   the	   lower	   acceptance	   angle	  
[Monika	  Adsten,	  2002]	  and	  [M.	  Adsten	  et	  al.,	  August	  2005].	  
	  
Figure	  2.13:	  Principal	  drawing	  of	  the	  cross	  section	  of	  the	  MaReCo	  collector.	  Source:	  [Björn	  Karlsson	  et	  
al.,	  2000].	  
The	  MaReCo	   collector	   can	   be	   adapted	   to	   various	   conditions	   such	   as	   roof	   integrated,	   stand-­‐
alone	  or	  wall	  mounted.	  The	  roof	  integrated	  MaReCo	  is	  designed	  by	  letting	  the	  cover	  glass	  start	  
where	  the	  circular	  part	  of	  the	  MaReCo	  ends	  as	  seen	  in	  Figure	  2.14.	  Figure	  2.14	  also	  shows	  that	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the	  absorber	  is	  placed	  just	  underneath	  the	  cover.	  The	  collector	  is	  tilted	  to	  the	  roof	  angle	  and	  
accepts	  radiation	  from	  0º	  to	  60º	  angle	  of	  incidence	  from	  the	  cover	  glass	  normal.	  	  
	  
Figure	  2.14:	  Section	  of	  the	  roof	  integrated	  MaReCo	  design	  for	  a	  roof	  angle	  of	  30º.	  Source:	  [Monika	  
Adsten,	  2002].	  
The	  other	  MaReCo	  types	  are	  illustrated	  in	  Figure	  2.15.	  Stand-­‐alone	  collectors	  are	  designed	  for	  
mounting	  on	  ground	   in	   large	  collector	   fields	  and	  accept	   radiation	   from	  20º	  to	  65º.	  Secondly,	  
the	   east/west	  MaReCo	   is	   designed	   for	   buildings	   facing	   east	   or	   west	   and	   has	   an	   acceptance	  
angle	  interval	  from	  20º	  to	  90º.	  Thirdly,	  the	  spring/fall	  is	  designed	  with	  the	  aim	  of	  having	  high	  
efficiencies	   during	   spring	   and	   fall,	   when	   the	   heating	   demand	   is	   high,	   and	   lower	   efficiencies	  
during	   the	   summer.	   To	   do	   so,	   its	   optical	   axis	   is	   tilted	   in	   relation	   with	   the	   roof	   integrated	  
MaReCo	   collector.	   Finally,	   the	   wall	   MaReCo	   can	   be	   mounted	   wall	   integrated	   with	   an	  
acceptance	  interval	  from	  25º	  to	  90º	  [Anna	  Helgesson,	  2004].	  
	  
Figure	  2.15:	  a)	  Section	  of	  the	  stand-­‐alone	  MaReCo	  for	  Stockholm	  conditions.	  Aperture	  tilt	  30°.	  Optical	  
axes	  20	  and	  65°	  defined	  from	  the	  horizon;	  b)	  Section	  of	  the	  east/west	  roof	  MaReCo	  designed	  for	  a	  roof	  
facing	  west.	  Optical	  axis	  70º	  from	  the	  cover	  glass;	  c)	  Section	  of	  the	  spring/fall	  MaReCo	  designed	  for	  a	  
roof	  tilted	  30°.	  Optical	  axis	  at	  45°	  from	  the	  horizon;	  d)	  Section	  of	  the	  wall	  MaReCo	  designed	  for	  a	  south	  
facing	  wall.	  Optical	  axis	  at	  25º	  from	  the	  horizon.	  Source:	  [Monika	  Adsten,	  2002].	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2.4 Hybrid	  PV/T	  Collectors	  
Developing	  a	  system	  that	  can	  produce	  electricity	  and	  heat	  simultaneously	  sounds	  reasonable	  
as	  their	  demand	  is	  often	  supplementary.	  Photovoltaic	  collectors	  are	  able	  to	  convert	  part	  of	  the	  
energy	  they	  receive	  from	  the	  Sun	  into	  electricity	  while	  the	  remaining	  sunlight	  mainly	  turns	  into	  
waste	  heat.	  This	  rises	  their	  temperature	  and	  thus	  their	  efficiency	  decreases.	  In	  this	  respect,	  the	  
thermal	   system	  of	  hybrid	  PV/T	  collectors	   can	   recover	  part	  of	   this	  heat	  and,	  besides	  allowing	  
employing	   it	   for	   useful	   applications,	   it	   cools	   down	   the	   photovoltaic	   module	   maintaining	   its	  
efficiency	   in	   higher	   levels.	   Hybrid	   PV/T	   collectors	   have	   two	   other	   main	   advantages.	   Their	  
production	   and	   installation	   should	   be	   cheaper	   than	  photovoltaic	   and	   thermal	   collectors	   and	  
they	   generate	  more	   energy	   per	   area,	  which	  means	   that	   less	   roof	   space	   is	   needed	   to	   install	  
them.	   In	  the	  other	  hand,	  their	  main	  disadvantage	   is	   that	  they	  are	   less	   flexible	  than	  PV	  and	  T	  
collectors.	  In	  addition,	  their	  annual	  thermal	  output	  will	  be	  considerably	  lower	  than	  a	  standard	  
T	   collector	   and	   thus	   additional	   T	   collectors	   may	   be	   sometimes	   needed	   [M.	   Arif	   Hasan,	  
September	  2010].	  
Hybrid	   PV/T	   collectors	   can	  be	  used	   for	   domestic	   hot	  water	   systems	  and	  building	   air	   heating	  
systems	  and	  thus	  their	  design	  can	  vary	  depending	  on	  the	  desired	  application.	  In	  this	  respect,	  a	  
concrete	   type	   of	   hybrid	   PV/T	   collectors	   is	   the	   Hybrid-­‐MaReCo.	   This	   device	   combines	   the	  
advantages	  of	  hybrid	  collectors	  such	  as	  reducing	  the	  temperature	  of	  the	  PV	  cells	  thanks	  to	  the	  
use	   of	   the	   thermal	   system	   with	   the	   advantages	   of	   concentrating	   the	   radiation	   and	   thus	  
reducing	  material	  costs	  [Anna	  Helgesson	  et	  al.,	  November	  2005]	  and	  [Johan	  Nilsson	  et	  al.,	  July	  
2007].	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  is	  an	  example	  of	  this	  type	  of	  technology.	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3-­‐ The	  Solarus	  AB	  Hybrid	  PV/T	  collector	  
3.1 General	  Description	  
The	  Solarus	  AB	  hybrid	  PV/T	   collector	   is	   an	  example	  of	   the	   spring/fall	  MaReCo	   collector	   and,	  
thus,	   is	  based	  on	  a	  CPC	  design.	   This	   type	  of	   technology	   is	  mounted	  on	   south-­‐facing	   roofs	   at	  
high	  latitudes	  and	  is	  explained	  in	  Section	  2.3.2.1.	  One	  of	  its	  most	  important	  desired	  attributes	  
is	  having	  a	  high	  annual	  solar	  fraction,	  this	  is,	  the	  fraction	  of	  the	  hot	  water	  load	  that	  is	  covered	  
by	  solar	  energy.	  Normally,	  the	  solar	  radiation	  is	  high	  during	  the	  summer	  while	  low	  during	  the	  
winter.	  In	  the	  other	  hand,	  the	  domestic	  hot	  water	  load	  is	  approximately	  constant	  throughout	  
the	   year	   which	   means	   that	   an	   overproduction	   of	   hot	   water	   might	   be	   achieved	   during	   the	  
summer	  and	  the	  opposite	  situation	  during	  the	  winter.	  Thus,	  it	  is	  common	  to	  design	  the	  system	  
collector	  area	   in	  such	  way	  that	  the	  production	  during	  the	  summer	  period	  meets	  the	  thermal	  
load,	  achieving	  a	   solar	   fraction	  close	   to	  100%,	   in	  order	   to	   increase	   the	  annual	   solar	   fraction.	  
This	   is	   accomplished	  by	  designing	   the	   collector	  with	   an	  optimal	   tilt,	   collector	   area	   and	   flow.	  
The	  acceptance	  angle	  of	  the	  collector	  is	  defined	  by	  the	  optical	  axis	  normal	  to	  the	  collector	  glass	  
that	  the	  parabolic	  reflector	  has.	  If	  the	  incident	  radiation	  falls	  outside	  this	  interval,	  the	  reflector	  
does	  not	  redirect	  the	  incoming	  beam	  radiation	  to	  the	  absorber	  and	  thus	  the	  optical	  efficiency	  
of	   the	   collector	   is	   reduced.	   Hence,	   depending	   on	   the	   projected	   solar	   altitude,	   the	   optical	  
efficiency	   of	   the	   collector	   changes	   throughout	   the	   year.	   As	   a	   result,	   the	   tilt	   of	   the	   collector	  
determines	  the	  total	  amount	  of	  the	  annual	  radiation	  that	  is	  kept	  inside	  the	  acceptance	  angle.	  
The	  study	  of	  the	  optimal	  tilt	  of	  the	  collector	  has	  been	  done	  by	  [L.R.	  Bernardo	  et	  al.,	  2009]	  and	  
[L.R.	  Bernardo	  et	  al.,	  2011].	  
 
Figure	  3.1:	  Cross-­‐section	  of	  the	  CPC	  collector.	  Source:	  [L.R.	  Bernardo	  et	  al.,	  2011].	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Figure	  3.2:	  The	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
The	  Solarus	  AB	  hybrid	  PV/T	  collector	  is	  glazed	  protected	  and	  supported	  by	  a	  plastic	  and	  metal	  
structure.	   This	   glass	   cover	   is	   made	   of	   flow	   iron	   glass	   with	   a	   solar	   transmittance	   of	   95%	  
according	  to	  the	  norm	  ISO9050	  for	  solar	  thermal	  technologies	  [SunArc,	  2013].	  The	  end	  gables	  
used	   are	   acrylic	   transparent	   gables.	   Solar	   cells	   are	   laminated	  with	   a	   highly	   transparent	   and	  
electrically	   insulated	   silicone	   (transparency	   of	   96%	   for	   PV	   and	   93%	   for	   solar	   thermal	   [ACC	  
Silicones,	   2013])	   on	   both	   sides	   of	   the	   thermal	   absorber,	   where	   water	   runs	   through	   the	  
channels.	   This	   is	   illustrated	   in	   Figure	   3.3.	   The	   upper	   side	   works	   like	   a	   standard	   PV	   module	  
without	   concentration,	  while	   the	   lower	   side	   receives	   the	   concentrated	   reflected	   sunlight	   by	  
the	  compound	  reflector	  with	  a	  concentration	   factor	  of	  1,5.	  The	  reflector	  material	   is	  made	  of	  
anodized	   aluminum	   with	   a	   total	   solar	   reflectance	   of	   95%	   for	   solar	   thermal	   (measured	  
according	   to	   norm	   ASTM891-­‐87)	   and	   a	   total	   light	   reflectance	   of	   98%	   for	   PV	   (measured	  
according	  to	  norm	  DIN	  5036-­‐3)	  [Alanod,	  2013].	  	  
	  
Figure	  3.3:	  Cross-­‐section	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector’s	  absorber.	  
The	  electripal	  part	  of	  the	  collector	  consists	  in	  eight	  cell	  strings	  connected	  in	  parallel,	  four	  at	  the	  
top	  side	  and	  four	  and	  the	  bottom	  side.	  It	  is	  composed	  by	  two	  troughs	  so	  each	  of	  them	  has	  four	  
cell	   strings,	   two	   at	   the	   top	   side	   and	   two	   at	   the	   bottom	   side.	   Each	   cell	   string	   has	   38	   cells	  
connected	   in	   series.	  This	  means	   that	   the	  collector	  has	  a	   total	  of	  304	  cells,	  152	  cells	   for	  each	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trough.	   These	   cells	   are	   26mm	  x	   148mm	   full	   square	  monocrystalline	   solar	   cells	   from	  Big	   Sun	  
Energy.	  They	  have	  an	  efficiency	  of	  18,6%	  and	  a	  temperature	  dependence	  of	  0,43%/ºC	  [Big	  Sun	  
Energy,	  2013].	  These	  cells	  have	  been	  cut	  into	  smaller	  sections.	  One	  trough	  has	  cells	  one	  third	  
the	  size	  of	  a	  standard	  cell	  and	  the	  other	  trough	  has	  cells	  one	  sixth	  the	  size	  of	  a	  standard	  cell.	  
Figure	  3.4	  helps	  understanding	  this	  disposition	  and	  also	  illustrates	  the	  water	  connections,	  the	  
electrical	  arrangement	  of	  the	  solar	  cells	  and	  the	  most	  relevant	  dimensions	  of	  the	  collector.	  
 
Figure	  3.4:	  Schematic	  view	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  The	  water	  connection	  is	  shown	  in	  
blue	  and	  the	  electrical	  connections	  in	  red.	  Source:	  [Joao	  Gomes	  et	  al.,	  2013].	  
The	  main	  areas	  of	  the	  collector	  are	  summarized	  in	  Table	  3.1.	  
	  
	  
	  
	  
	  
	  
Table	  3.1:	  Main	  areas	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
3.2 Performance	  
Table	   3.2	   shows	   the	   characteristics	   of	   the	   Solarus	   AB	   hybrid	   PV/T	   collector.	   This	   data	  
represents	  the	  output	  of	  an	  entire	  module	  (two	  troughs).	   It	   is	   important	  to	  say	  that	  they	  are	  
some	  values	  that	  differ	  from	  the	  Solarus	  AB	  datasheet	  published	  at	  their	  website	  [Solarus	  AB,	  
2014].	  These	  values	  are	  the	  “Aperture	  Area”,	  the	  “Maximum	  electrical	  power	  at	  STC”	  and	  the	  
“Thermal	   insulation”.	   Firstly,	   the	   “Aperture	   Area”	   has	   been	  measured	   again	   as	   the	   previous	  
value	   was	   found	   to	   be	   unreliable.	   About	   the	   “Maximum	   electrical	   power	   at	   STC”,	   the	   one	  
showed	  at	  the	  Solarus	  AB	  datasheet	  corresponds	  to	  the	  theoretical	  maximum	  electric	  power	  at	  
STC	   (275W),	   while	   the	   one	   represented	   at	   Table	   3.2	   is	   based	   on	   current	   tests	  made	   to	   the	  
collector.	   About	   the	   “Thermal	   insulation”,	   the	   value	   shown	   at	  Table	   3.2	   is	   based	   on	   current	  
tests	  made	  to	  the	  collector.	  
Areas	   Length	  (mm)	   Width	  (mm)	   Area	  (m2)	  
Effective	   cell	   area	   of	   the	   front	  
side	  of	  the	  receiver	  (one	  trough)	  
1976	   148	   0,292	  
Effective	  cell	  area	  of	  the	  reflector	  
side	  of	  the	  receiver	  (one	  trough)	  
1976	   290	   0,573	  
Effective	   cell	   area	  of	   the	   receiver	  
(one	  trough)	  
1976	   438	   0,865	  
Aperture	  Area	  (one	  trough)	   2300	   435	   1,000	  
Glazed	  Total	  Area	   2309	   944	   2,179	  
Collector	  Total	  Area	   2375	   1010	   2,399	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Parameter	   Value	  
Dimensions	  (L	  x	  W	  x	  H)	   2375	  mm	  x	  1.010	  mm	  x	  231	  mm	  
Weight	   53	  kg	  
Aperture	  area	   2,03	  m2	  
Gross	  area	   2,4	  m2	  
Maximum	  Electrical	  Power	  at	  STC	   220	  W	  
Maximum	  Operational	  Temperature	   200	  ºC	  
Maximum	  Power	  Voltage	  (Vp,max)	   18,14	  V	  
Maximum	  Power	  Current	  (Ip,max)	   14,76	  A	  
Open	  Circuit	  Voltage	  (Voc)	   22,8	  V	  
Short	  Circuit	  Current	  (Isc)	   16,04	  A	  
Thermal	  Insulation	   6,9	  W/(m2*K)	  
Efficiency	   97,1%	  
Peak	  Thermal	  Power	   1500	  W	  
Maximum	  Working	  Pressure	   10	  bar	  
Table	  3.2:	  Solarus	  AB	  hybrid	  PV/T	  collector	  advertised	  characteristics.	  Source:	  [Solarus	  AB,	  2014].	  
3.3 Previous	  Work	  Done	  
Previous	  studies	  have	  been	  made	  to	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  The	  aim	  of	  this	  point	  
is	  to	  briefly	  introduce	  them.	  	  
Firstly,	  a	  small	  scale	  laboratory	  was	  built	  at	  Universidade	  Eduardo	  Mondlane	  of	  Mapunto.	  This	  
laboratory	   enables	  measurements	   to	   evaluate	   solar	   thermal	   and	   hybrid	   PV/T	   collectors	   and	  
also	  contributes	  to	  the	  technological	  and	  social	  development	  of	  the	  region	  [Gentile	  Niko	  et	  al.,	  
January	  2013].	  	  
Secondly,	   the	   optical	   properties	   of	   an	   asymmetrical	   PV/T	   CPC-­‐collector	   were	   measured	   in	  
Maputo,	  Mozambique.	  This	  includes	  the	  electrical	  transverse	  and	  longitudinal	  incidence	  angle	  
modifiers,	   taking	   into	   account	   edge	   effects,	   by-­‐pass	   diodes,	   acceptance	   angle	   and	   diffuse	  
radiation	   contribution.	   The	  measured	   electrical	   efficiency	   at	   25°C	   outlet	   water	   temperature	  
was	  20,9%	  per	  cell	  area	  and	  13,9	  %	  per	  active	  glazed	  area	  during	  peak	  hours	  [Bernardo	  Ricardo	  
et	  al.,	  January	  2013].	  	  
In	   third	  place,	   three	  prototypes	  utilizing	  bifacial	   PV	   cells	  were	  built	   and	   tested	   to	  determine	  
their	  electrical	  performance,	  temperature	  dependence,	  efficiencies	  from	  both	  sides	  of	  the	  cell	  
and	   filling	   factor.	   These	   tests	   were	   done	   for	   symmetric	   and	   asymmetric	   concentrating	   CPC	  
collectors	  [Gomes	  Joao	  et	  al.,	  January	  2013].	  	  
Fourthly,	  a	  complete	  methodology	  to	  characterize,	  simulate	  and	  evaluate	  concentrating	  hybrid	  
PV/T	  collectors	  was	  proposed	  and	  exemplified	  in	  a	  particular	  study	  case.	  By	  using	  this	  testing	  
method,	   the	  hybrid	  PV/T	  collector	  parameters	  were	  determined.	  Furthermore,	  a	  comparison	  
between	   hybrid	   performance	   with	   conventional	   PV	   and	   solar	   thermal	   collectors	   was	   made	  
[L.R.	  Bernardo	  et	  al.,	  July	  2011].	  
Finally,	   several	   prototype	   versions	   of	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   were	   tested	   and	  
compared	   in	  order	  to	  evaluate	  and	  minimize	  the	   impact	  of	  shading	  effects.	  These	  effects	  are	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more	   critical	   in	   the	  electrical	   part	   of	   the	   system	   than	   in	   the	   thermal	   one.	   PV	   cells	   are	  often	  
connected	  in	  series,	  thus	  one	  completely	  shaded	  solar	  cell	  will	  reduce	  the	  output	  of	  the	  whole	  
string	   while	   the	   decrease	   in	   power	   due	   to	   shading	   effects	   in	   thermal	   collectors	   is	  
approximately	   proportional	   to	   the	   shaded	   area.	   The	   first	   test	   improvement	   made	   was	   to	  
replace	   the	   reflective	   end	   gables	   with	   transparent	   end	   gables.	   The	   results	   showed	   no	   clear	  
differences	  between	  them.	  Secondly,	   the	  second	   improvement	  made	  consisted	   in	  comparing	  
two	  different	  types	  of	  cells,	  ones	  of	  one	  third	  the	  size	  of	  a	  standard	  cell	  and	  the	  others	  of	  one	  
sixth	  the	  size	  of	  a	  standard	  cell.	  The	  results	  showed	  that	  cells	  one	  third	  the	  size	  of	  a	  standard	  
cell	  perform	  better	  as	  they	  are	  able	  to	  produce	  at	  maximum	  power	  for	  a	  considerably	  longer	  
period.	  Finally,	  measurements	  were	  also	  performed	  in	  the	  solar	  simulator	  to	  fully	  understand	  
the	  impact	  of	  shading	  in	  a	  cell	  string	  with	  cells	  one	  sixth	  the	  size	  of	  a	  standard	  cell	  [Joao	  Gomes	  
et	  al.,	  2013]	  and	  [Linkesh	  Anand	  Diwan,	  July	  2013].	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4-­‐ Testing	  and	  Analysis	  of	   the	  Electrical	  Performance	  of	   the	  
Collector	  
4.1 Methodology	  
4.1.1 Placement	  
The	  collector	  was	  mounted	  in	  an	  outdoor	  test	  rig	  at	  the	  building	  Hall	  45	  of	  Högskolan	  i	  Gävle,	  
Gävle,	  Sweden	   (coordinates:	  60o40’37,20”	  North,	  17o6’47,16”	  East),	  and	  was	   tested	  between	  
April	  10th	  2014	  and	  April	  16th	  2014	  when	  the	  weather	  conditions	  were	  adequate.	  It	  was	  placed	  
facing	  south	  with	  a	  tilt	  of	  38º	  to	  the	  horizontal.	  Figure	  4.1	  shows	  this	  disposition.	  The	  testing	  
methodology	  was	  suggested	  by	  Solarus	  AB.	  
	  
Figure	  4.1:	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
4.1.2 Equipment	  
The	   equipment	   used	   during	   this	   testing	   procedure	   was	   an	   IV	   tracer,	   a	   reference	   cell	   and	   a	  
thermometer.	   The	   IV	   tracer	   is	   a	   custom	  made	  device	   for	   Solarus	  AB	  which	   interfaces	  with	  a	  
computer	  via	   the	  COM	   interface	  and	   logs	   the	  data	  by	  a	   custom	  Excel	  macro	   sheet.	   It	  uses	  a	  
current	   generator	   to	   measure	   the	   performance	   and	   ramps	   up	   the	   current	   from	   zero	   to	  
maximum,	   taking	  voltage	  and	  current	  samples	   in	   the	  process	  which	   lasts	   less	   than	  a	  second.	  
Each	   IV	   curve	   is	   saved	   as	   a	   separate	   CSV	   file.	   The	   device	  was	   found	   to	   have	   a	   resolution	   of	  
0,008V	  and	  0,002A.	  	  
Secondly,	  the	  reference	  cell	  was	  acquired	  from	  a	  European	  Joint	  Research	  Centre	  project	  and	  
was	   calibrated	   to	   be	   linear	   from	   zero	   to	   28,7mV	   at	   1000W/m².	   [Linkesh	   Anand	   Diwan,	   July	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2013]	  determined	  its	  uncertainty	  by	  using	  two	  outputs:	  one	  for	  data	  and	  one	  for	  temperature	  
correction.	  The	  operating	  temperatures	  of	  the	  cell	  were	  within	  a	  range	  that	  provided	  a	  worst	  
case	  temperature	  induced	  deviation	  of	  ±10W/m²,	  if	  the	  temperature	  went	  above	  80°C.	  	  
Finally,	  the	  thermometer	  was	  used	  to	  record	  the	  ambient	  temperature.	  Its	  resolution	  is	  1ºC.	  	  
4.1.3 Measured	  Parameters	  
Parameter	   Logging	  device	   Comments	  
Imp,	  Isc,	  Vmp,	  Voc,	  Pmp	   IV	  tracer	   [A,	  V,	  W]	  
Instantaneous	   electrical	   measurements	  
were	  made	  by	  performing	  six	  different	  IV	  
curves	  every	  ten	  minutes.	  	  	  
SC	   Reference	  cell	   [W/m2	  in	  the	  collector’s	  plane]	  
Measured	   six	   times	   (one	   for	   each	   IV	  
curve)	  every	  ten	  minutes.	  
Tamb	   Thermometer	   [ºC]	  
Measured	  once	  every	  ten	  minutes.	  
Table	  4.1:	  Measured	  parameters	  for	  testing	  the	  electrical	  part	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
4.1.4 Limitations	  
Firstly,	  it	  was	  decided	  to	  not	  use	  good	  quality	  pyranometers	  for	  this	  testing	  procedure	  and	  use	  
instead	  the	  reference	  cell	  which	  measured	  the	   irradiance	   in	   the	  plane	  of	   the	  collector.	  Thus,	  
measurements	  of	  the	  beam	  and	  diffuse	  radiation	  are	  not	  available.	  In	  addition,	  the	  reference	  
cell	  was	  placed	  manually	   in	   the	   same	   tilt	  of	   the	  collector	  and	   its	  output	  value	  was	  also	   read	  
manually.	   So	   its	   tilt	   was	   not	   totally	   accurate	   and	   its	  measurements	  were	   not	   at	   the	   exactly	  
same	  time	  of	  the	  ones	  recorded	  by	  the	  IV	  tracer.	  Moreover,	  the	  accuracy	  of	  the	  reference	  cell	  
depends	   on	   its	   temperature	   as	   when	   it	   heats	   up	   its	   accuracy	   decreases.	   Its	   temperature	  
throughout	   the	   day	   is	   unknown	   but	   to	   avoid	   it	   from	   heating	   up	   it	   was	   placed	   at	   the	   shade	  
while	   it	  was	  not	  being	  used.	  These	   three	   limitations	   regarding	   the	   reference	   cell	   have	  made	  
difficult	  to	  calculate	  its	  uncertainty	  and	  this	  is	  why	  the	  value	  from	  [Linkesh	  Anand	  Diwan,	  July	  
2013]	  has	  been	  used.	  
Secondly,	   as	   the	   thermal	   system	   of	   the	   collector	   was	   not	   connected	   it	   was	   not	   possible	   to	  
measure	  the	  temperature	  of	  the	  solar	  cells.	  This	  measurement	  would	  have	  been	  interesting	  as	  
their	  efficiency	  decreases	  with	  an	  increase	  of	  their	  temperature	  by	  -­‐0,43%/ºC	  [Big	  Sun	  Energy,	  
2013].	   In	   addition,	   this	  measurement	  would	   have	   also	   been	   useful	   to	   be	   able	   to	   perform	   a	  
more	  accurate	  estimation	  of	  the	  peak	  power	  of	  the	  collector	  at	  STC.	  
Finally,	  during	  some	  part	  of	  the	  day	  the	  measured	  current	  was	  higher	  than	  the	  superior	  limit	  of	  
the	  current	  measuring	  range	  of	  the	  IV	  tracer.	  This	  leaded	  to	  errors	  as	  the	  recorded	  data	  did	  not	  
correspond	  to	  the	  real	  current	  generated	  at	  that	  time.	  Nevertheless,	   this	   limitation	  has	  been	  
solved	  by	  performing	  some	  calculations	  as	  it	  is	  explained	  in	  Section	  4.2.	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4.1.5 Measurement	  Plan	  
The	   objective	   was	   to	   obtain	   as	   many	   daily	   data	   as	   possible.	   So,	   as	   long	   as	   the	   weather	  
conditions	   were	   adequate,	   six	   different	   IV	   curves	   were	   made	   every	   ten	   minutes.	   Three	   IV	  
curves	  were	  made	   for	   the	   top	   trough	  and	   three	   for	   the	  bottom	   trough.	  This	   three	   IV	   curves	  
were	  divided	  as	  follows:	  one	  for	  the	  front	  side	  of	  the	  trough,	  one	  for	  the	  reflector	  side	  of	  the	  
trough	  and	  one	  for	  both	  sides	  together,	  front	  and	  reflector.	  It	  is	  important	  to	  remember	  at	  this	  
point	  that	  the	  two	  troughs	  have	  solar	  cells	  of	  different	  sizes.	  The	  top	  trough	  has	  cells	  one	  sixth	  
the	   size	   of	   a	   standard	   solar	   cell	   while	   the	   bottom	   trough	   has	   cells	   one	   third	   the	   size	   of	   a	  
standard	  solar	  cell.	  In	  addition	  to	  the	  IV	  curves,	  the	  irradiance	  in	  the	  plane	  of	  the	  collector	  and	  
the	  ambient	   temperature	  were	  measured.	  The	   irradiance	  was	  measured	  by	  placing	  manually	  
the	   reference	   cell	   at	   the	   same	   tilt	   as	   the	   collector	   and	   was	   measured	   six	   times	   every	   ten	  
minutes,	  one	  for	  every	  IV	  curve	  done.	  The	  ambient	  temperature	  was	  measured	  once	  every	  ten	  
minutes.	  Finally,	   the	  collector	  was	  covered	  while	  no	  measurements	  were	  made	  to	  prevent	   it	  
from	  heating	  up.	  So,	  the	  procedure	  can	  be	  summarized	  as	  follows:	  
1-­‐ Uncover	  the	  collector.	  
2-­‐ Measurement	  of	  both	  sides	  of	  the	  bottom	  trough,	  from	  now	  on	  referred	  as	  B2,	  while	  
simultaneously	  measuring	  the	  irradiance	  at	  the	  plane	  of	  the	  collector.	  
3-­‐ Step	  2	  was	  made	  for	  the	  front	  side	  of	  the	  bottom	  trough,	  from	  now	  on	  referred	  as	  BF;	  
the	  reflector	  side	  of	  the	  bottom	  trough,	  BR;	  both	  sides	  of	  the	  top	  trough,	  T2;	  the	  front	  
side	  of	  the	  top	  trough,	  TF;	  and	  for	  the	  reflector	  side	  of	  the	  top	  trough,	  TR.	  
4-­‐ Measurement	  of	  the	  ambient	  temperature	  with	  the	  thermometer.	  
5-­‐ Cover	  the	  collector	  and	  repeat	  steps	  1	  to	  5	  in	  ten	  minutes.	  
It	  is	  very	  important	  to	  understand	  and	  get	  used	  to	  these	  six	  acronyms	  (B2,	  BF,	  BR,	  T2,	  TF	  and	  
TR)	  as	  they	  will	  be	  constantly	  used	  in	  Section	  4	  and	  Section	  5.	  	  
Acronym	   Meaning	  
B2	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  and	  reflector	  side.	  
BF	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  side.	  
BR	   Electrical	  testing	  of	  the	  bottom	  trough,	  reflector	  side.	  
T2	   Electrical	  testing	  of	  the	  top	  trough,	  front	  and	  reflector	  side.	  
TF	   Electrical	  testing	  of	  the	  top	  trough,	  front	  side.	  
TR	   Electrical	  testing	  of	  the	  top	  trough,	  reflector	  side.	  
Table	  4.2:	  Characterization	  of	  the	  acronyms	  used	  to	  describe	  the	  electrical	  measurements	  done	  to	  the	  
Solarus	  AB	  hybrid	  PV/T	  collector.	  
4.1.6 Data	  Processing	  
The	  IV	  curves	  were	  saved	  automatically	  by	  the	  IV	  tracer	  in	  an	  Excel	  file.	  The	  irradiance	  at	  the	  
plane	  of	  the	  collector	  and	  the	  ambient	  temperature	  were	  recorded	  manually	  at	  an	  Excel	   file.	  
Thus,	   two	   Excel	   files	  were	   obtained	   each	   day	   of	  measurements	  which	  were	   then	   combined	  
into	   one	   file.	   This	   data	   was	   then	   analyzed	   and	   treated	   to	   achieve	   the	   desired	   results	   and	  
conclusions.	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4.1.7 Calculation	  of	  the	  Uncertainty	  of	  the	  Measurements	  
Table	  4.3	  summarizes	  the	  uncertainties	   in	  the	  measured	  parameters	  previously	   introduced	  in	  
Section	  4.1.2.	  The	  uncertainty	  of	  the	  physical	  measurements	  is	  related	  to	  the	  resolution	  of	  the	  
scale	  used,	  as	  well	  as	  happened	  with	  the	  ambient	  temperature.	  
Symbol	   Uncertainty	   Parameter	  
δV	   ±0,004V	   V	  (Voltage)	  
δI	   ±0,001A	   I	  (Current)	  
δS	   ±10W/m²	   S	  (Irradiance)	  
δTa	   ±0,5ºC	   Ta	  (Ambient	  Temperature)	  
δl,	  δw,	  δb	   ±0,0005m	   l,	  w,	  b	  (Physical	  Measurements)	  
Table	  4.3:	  Summary	  of	  uncertainties	  for	  testing	  the	  electrical	  part	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
[John	  R.	  Taylor,	  1997]	  has	  been	  used	  to	  calculate	  the	  uncertainty	  propagation	  according	  to	  the	  
laws	   for	   independent	   and	   random	   variables.	   Having	   Z	   =	   fn(A,B),	   when	   calculating	   the	  
propagation	  of	  Z	  =	  A	  ±	  B,	  Equation	  4.1	  will	  be	  used.	  Having	  Z	  =	   fn(A,B),	  when	  calculating	  the	  
propagation	   of	   Z	   =	   A*B	   or	   Z	   =	   A/B,	  Equation	   4.2	  will	   be	   used.	  When	   calculating	   an	   average	  
value,	  its	  uncertainty	  will	  be	  measured	  by	  calculating	  its	  standard	  deviation	  of	  the	  mean	  using	  
Equation	  4.3.	  	  	   δZ =    (δA)! + (δB)!	   	   	   (4.1)	  
δZ =   𝑍 ∗ (!!! )! + (!!! )!	   	   	   (4.2)	  
σ! =    !!! = !!!!∗ (!!!!)!! 	  	  	   	   	   (4.3)	  
4.1.7.1 Power	  Output	  at	  the	  Maximum	  Power	  Point	  
The	  expression	  for	  the	  electrical	  power	  output	  at	  the	  maximum	  power	  point	  is:	  𝑃!" =   𝑉!" ∗ 𝐼!"	   	  	   	   (4.4)	  
Its	  uncertainty	  is	  calculated	  for	  each	  measurement	  with	  Equation	  4.5.	  δ𝑃!" = ±𝑃!" ∗ (!!!"!!" )! + (!!!"!!" )!	   	  	  	  	   	  	  	  	  	  	  	  	  	  	  (4.5)	  
4.1.7.2 Fill	  Factor	  
The	  expression	  for	  the	  fill	  factor	  is:	  	  𝐹𝐹 =    !!"∗!!"!!"∗!!" 	  	   	   	   (4.6)	  
Its	  uncertainty	  is	  calculated	  for	  each	  measurement	  with	  Equation	  4.7.	  δFF = ±FF ∗ (!!!"!!" )! + (!!!"!!" )! + (!!!"!!" )! + (!!!"!!" )!	   	   (4.7)	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4.1.7.3 Electrical	  efficiency	  
The	  expression	  for	  the	  electrical	  efficiency	  is:	  	  𝜂!" % = !!"  (!)!!"## !! ∗!!  (!!!)	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (4.8)	  
Its	  uncertainty	  is	  calculated	  for	  each	  measurement	  with	  Equation	  4.9.	  δ𝜂!" = ±𝜂!" ∗ (!!!"!!" )! + (!!!!! )! + (!!!"##!!"## )!	   	  	  	  	  	  	  	  	  	  	  (4.9)	  
Where	  the	  uncertainty	  of	  the	  effective	  cell	  area	  is:	  
δ𝐴!"## = ±A!"## ∗ (!!! )! + (!!! )!	   	   (4.10)	  
4.2 Process	  and	  Results	  
The	  electrical	  measurements	  were	  made	  during	  three	  periods.	  The	  first	  one	  from	  12pm	  to	  3pm	  
the	  10th	  April	  2014,	  the	  second	  one	  from	  10am	  to	  3pm	  the	  15th	  April	  2014	  and	  the	  third	  one	  
from	  8am	  to	  10am	  the	  16th	  April	  2014.	   It	   is	   important	   to	  note	  that	   the	  time	  used	   is	  summer	  
time	   (except	   for	  Figure	   4.4)	   and	   this	   is	  why	   the	  maximum	  power	  period	  will	   be	   centered	   at	  
1pm.	  The	  results	  of	   the	  second	  and	  third	  measurement	  period	  were	  more	  relevant	  and	  thus	  
will	  be	  the	  ones	  included	  in	  this	  thesis.	  The	  second	  and	  third	  measurement	  periods	  have	  been	  
superposed	  as	  they	  were	  two	  consecutive	  days	  with	  very	  similar	  irradiance	  conditions.	  Figure	  
4.2	  illustrates	  this	  superposition	  and	  it	  can	  be	  seen	  that	  the	  matching	  fits	  correctly.	  
Figure	  4.2:	  Superposition	  of	  the	  second	  and	  third	  measuring	  periods	  at	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	  
From	  8am	  to	  10am	  of	  the	  16th	  April	  2014	  it	  was	  nearly	  perfectly	  sunny	  with	  the	  exception	  of	  
very	  small	  clouds.	  The	  15th	  April	  2014	  was	  a	  perfect	  sunny	  day	  during	  the	  measurement	  hours.	  
After	  3pm	  big	  grey	  clouds	  appeared	  and	  that	  was	  the	  reason	  for	  stop	  measuring	  at	  that	  time.	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Figure	  4.3:	  Solar	  total	  irradiance	  on	  April	  15th	  2014	  (10am	  to	  3pm)	  and	  April	  16th	  (8am	  to	  10am)	  in	  the	  
plane	  of	  the	  collector	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
	  
Figure	  4.4:	  Projected	  solar	  altitude	  (left	  axis)	  and	  surface	  cosine	  effectiveness	  (right	  axis)	  for	  April	  15th	  
2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
According	  to	  Figure	  4.4,	  on	  the	  15th	  April	  2014	  the	  sun	  rises	  at	  6am	  and	  sets	  at	  6pm	  (or	  7am	  
and	   7pm	   for	   summer	   time)	   at	   the	   building	   Hall	   45	   of	   HiG,	   Gävle,	   Sweden.	   Since	   the	  
measurements	  have	  been	  made	  from	  8am	  to	  3pm,	  the	  results	  are	  based	  on	  the	  58,33%	  of	  the	  
day.	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Throughout	   the	  day,	  when	   testing	   Isc	   and	   Imp	   at	   B2,	   the	   current	   achieved	   values	   higher	   than	  
10A.	  The	  superior	  limit	  of	  the	  current	  measuring	  range	  of	  the	  IV	  tracer	  is	  10A	  and	  thus	  these	  
values	  were	  not	  correctly	  saved	  as	  it	  arrived	  to	  a	  stagnation	  point.	  This	  can	  be	  seen	  in	  Figure	  
4.5	   at	   the	   graphic	   of	   Isc	   as	   a	   horizontal	   line	   is	   drawn	   between	   11:30am	   and	   2:30pm.	   In	   the	  
power	  graphic	  of	  Figure	  4.5,	   it	  can	  also	  be	  seen	  the	  error	  obtained.	  While	  the	  T2	  curve	  is	  the	  
addition	  of	  TF	  and	  TR,	  B2	  does	  not	  follow	  this	  principle	  during	  the	  specified	  period.	  	  
	  
Figure	  4.5:	  On	  the	  left	  side,	  Pmp	  values	  for	  B2,	  BF,	  BR,	  T2,	  TF	  and	  TR	  for	  April	  15
th	  2014	  at	  the	  building	  
Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  On	  the	  right	  side,	  Isc	  values	  for	  B2,	  BF,	  BR,	  T2,	  TF	  and	  TR	  for	  April	  15
th	  
2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
To	  avoid	  this	  error,	  the	  following	  equations	  will	  be	  used	  to	  calculate	  the	  values	  for	  B2.	  These	  
calculations	  will	  be	  also	  made	  for	  T2.	  Figure	  4.6	  and	  Figure	  4.7	  show	  the	  data	  measured	  by	  the	  
IV	  tracer	  in	  comparison	  with	  the	  corrections	  made.	  It	  can	  be	  seen	  that	  the	  calculations	  match	  
the	  measurements	  of	   the	   IV	   tracer	   for	  T2	  and	   for	  B2	  except	   for	   the	  period	  of	   time	  between	  
11:30am	  and	  2:30pm;	  the	  period	  when	  the	  IV	  tracer	  achieved	  its	  superior	  limit	  of	  the	  current	  
measuring	  range.	  From	  now	  on,	  the	  evaluation	  and	  discussion	  of	  the	  results	  will	  be	  based	  on	  
the	  calculated	  values	  for	  B2	  and	  T2	  and	  not	  on	  the	  ones	  obtained	  with	  the	  IV	  tracer.	  𝑃!",!! =   𝑃!",!" + 𝑃!",!" 	   	   	   (4.11)	  𝐼!",!! =    𝐼!",!" + 𝐼!",!" 	   	   	   (4.12)	  𝐼!",!! =    𝐼!",!" + 𝐼!",!" 	   	   	   (4.13)	  𝐹𝐹!! =    !!",!!∗!!",!!!!",!!∗!!",!! 	   	   	   (4.14)	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Figure	  4.6:	  Comparison	  between	  the	  values	  measured	  by	  the	  IV	  tracer	  and	  the	  calculated	  ones	  for	  B2	  
and	  T2	  of	  Pmp	  and	  Isc	  for	  April	  15
th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
	  
Figure	  4.7:	  Comparison	  between	  the	  values	  measured	  by	  the	  IV	  tracer	  and	  the	  calculated	  ones	  for	  B2	  
and	  T2	  of	  Imp	  and	  FF	  for	  April	  15
th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
Figure	  4.8,	  Figure	  4.9	  and	  Figure	  4.10	  show	  the	  final	  results	  obtained.	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Figure	  4.8:	  Electrical	  output	  parameters	  (volts	  and	  amps	  on	  the	  left	  axis,	  power	  on	  the	  right	  axis)	  for	  B2,	  
BF,	  BR,	  T2,	  TF	  and	  TR	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
Figure	  4.9:	  Electrical	  output	  parameters	  (volts	  and	  amps	  on	  the	  left	  axis,	  FF	  on	  the	  right	  axis)	  for	  B2,	  BF,	  
BR,	  T2,	  TF	  and	  TR	  for	  the	  different	  trough’s	  sides	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  
Sweden.	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Figure	  4.10:	  Electrical	  output	  parameters	  by	  trough’s	  sides	  (B2,	  BF,	  BR,	  T2,	  TF	  and	  TR)	  for	  April	  15th	  2014	  
at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
The	  top	  trough,	  this	  is,	  the	  one	  with	  cells	  the	  size	  of	  one	  sixth	  the	  size	  of	  a	  standard	  cell,	  has	  a	  
voltage	  the	  double	  of	  the	  one	  that	  has	  the	  bottom	  trough	  but	  has	  half	  its	  intensity.	  Voltage	  is	  
relatively	   constant	   throughout	   the	   day	   while	   the	   intensity	   varies	   with	   the	   irradiance.	   In	  
consequence,	   as	   the	   power	   varies	   proportionally	   to	   the	   intensity,	   it	   varies	   according	   to	   the	  
irradiance	   too.	  Regarding	   the	   front	   side	  of	   the	   troughs,	   their	   curve	   follows	   the	   shape	  of	   the	  
curve	   of	   the	   irradiance,	   increasing	   at	   the	   beginning	   of	   the	   day	   and	   then	   becoming	  
approximately	  constant.	  On	  the	  other	  side,	  the	  reflector	  side	  of	  the	  troughs	  behaves	  in	  a	  very	  
different	  way.	  At	  the	  beginning	  of	  the	  day	  its	  two	  strings	  are	  shaded	  and	  so	  its	  output	  is	  nearly	  
zero	  and	  corresponds	  only	  to	  the	  diffuse	  radiation	  they	  receive.	  Then,	  from	  9am	  to	  11:30am,	  
one	  of	  its	  strings	  progressively	  unshades	  and	  its	  power	  output	  starts	  to	  increase	  following	  the	  
radiations	  curve	  shape.	  At	  this	  point,	  when	  the	  first	  string	  is	  completely	  exposed	  to	  light,	  the	  
second	   string	   of	   cells	   starts	   to	   progressively	   unshade	   until	   the	   period	   of	   maximum	   power	  
production	   is	   achieved	   (roughly	   a	   horizontal	   line).	   This	   maximum	   power	   production	   period	  
finishes	  when	  one	  of	   the	  strings	  starts	   to	  progressively	  shade	  again.	  These	  shading	  problems	  
are	  believed	  to	  be	  caused	  by	  the	  frame	  and	  the	  end	  gables	  of	  the	  collector.	  	  	  
4.2.1 Electrical	  Efficiency	  Curves	  
The	  electrical	  efficiency	  of	  the	  cells	  has	  been	  calculated	  using	  Equation	  4.8.	  The	  areas	  used	  in	  
the	  calculation	  are	  the	  effective	  cell	  areas	  specified	  in	  Table	  3.1.	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Figure	  4.11:	  Electrical	  efficiency	  curves	  for	  the	  different	  trough	  sides	  for	  April	  15th	  2014	  at	  the	  building	  
Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
Firstly,	   it	  can	  be	  seen	  that	  the	  electrical	  efficiency	  of	  the	  front	  side	  of	  the	  troughs	   is	  more	  or	  
less	   constant	   from	   9am.	   As	   the	   area	   in	   Equation	   4.8	   is	   constant	   throughout	   the	   day,	   the	  
electrical	  efficiency	  variation	  of	  the	  day	  only	  depends	  on	  the	  variation	  of	  Pmp	  and	  the	  radiation.	  
It	  has	  been	  previously	  said	  that	  the	  power	  output	  of	  the	  front	  side	  of	  the	  troughs	  has	  varied	  
with	   the	   same	   trend	   as	   the	   radiation.	   So,	   it	   seems	   reasonable	   that	   its	   electrical	   efficiency	   is	  
more	  or	  less	  constant	  throughout	  the	  day.	  Nevertheless,	  although	  it	  is	  more	  or	  less	  constant	  it	  
can	  be	  seen	  a	  small	  decreasing	  trend.	  This	  is	  believed	  to	  be	  because	  the	  cells	  heated	  up	  during	  
the	  day.	  Also,	  until	  9am	  its	  notable	  the	  fact	  that	   its	  value	   is	  not	  constant.	  During	  this	  period,	  
due	  to	  shading	  effects	  from	  the	  frame	  the	  current	  is	  at	  lower	  levels	  than	  during	  the	  rest	  of	  the	  
day.	  This	  decreases	  the	  power	  and,	  thus,	  the	  electrical	  efficiency.	  
On	   the	   other	   side,	   the	   electrical	   efficiency	   of	   the	   reflector	   side	   varies	   depending	   on	   the	  
number	   of	   strings	   shaded	   as	   explained	   previously.	   It	   is	   also	   important	   to	   say	   that,	   as	   the	  
effective	  cell	  area	  of	  the	  reflector	  side	  is	  almost	  the	  double	  of	  the	  front	  side	  (1,96	  times),	  the	  
electrical	  efficiency	  of	  the	  reflector	  side	  will	  be	  half	  the	  one	  of	  the	  front	  side	  when	  producing	  
the	  same	  power	  output.	  
At	   the	   maximum	   power	   period,	   the	   average	   electrical	   efficiency	   of	   the	   bottom	   trough	   is	  
12,92%	   (standard	  deviation:	   0,28%;	   standard	  deviation	  of	   the	  mean:	   0,08%)	   and	   for	   the	   top	  
trough	   is	   12,86%	   (standard	   deviation:	   0,27%;	   standard	   deviation	   of	   the	  mean:	   0,091%).	   The	  
maximum	  power	  period	  selected	  for	  the	  bottom	  trough	  is	  from	  12:10pm	  to	  2pm	  and	  for	  the	  
top	  trough	  from	  12:20pm	  to	  1:40pm.	  	  
The	   global	   daily	   average	   value	   of	   the	   electrical	   efficiency	   for	   the	   bottom	   trough	   is	   10,38%	  
(standard	  deviation:	  2,43%;	  standard	  deviation	  of	  the	  mean:	  0,37%)	  while	  the	  top	  trough’s	   is	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9,70%	   (standard	   deviation:	   2,27%;	   standard	   deviation	   of	   the	   mean:	   0,35%).	   Nevertheless,	  
these	  values	  have	  been	  also	  calculated	  from	  8am	  to	  1pm.	  As	  the	  daily	  curves	  are	  centered	  at	  
1pm,	  by	  calculating	  the	  electrical	  efficiency	  until	  1pm	  and	  by	  using	  this	  symmetry	  of	  the	  daily	  
curves,	  it	  could	  be	  estimated	  the	  energy	  produced	  from	  8am	  to	  6pm.	  The	  bottom	  trough	  has	  
an	  average	  electrical	  efficiency	  of	  9,74%	  (standard	  deviation:	  2,45%;	  standard	  deviation	  of	  the	  
mean:	  0,43%)	  while	  the	  top	  trough’s	   is	  9,28%	  (standard	  deviation:	  2,35%;	  standard	  deviation	  
of	  the	  mean:	  0,42%)	  from	  8am	  to	  1pm.	  	  
Nevertheless,	  about	  the	  uncertainty	  of	  the	  previous	  values,	  besides	  the	  standard	  deviation	  of	  
the	  mean	   it	  has	  also	  been	   calculated	   the	  propagation	  of	   the	  uncertainty	  using	  Equation	  4.1,	  
Equation	  4.2	  and	  Equation	  4.9.	  The	  uncertainty	  intervals	  obtained	  with	  this	  method	  are	  higher	  
than	  the	  previous	  ones	  and	  thus	  are	  the	  ones	  selected.	  Table	  4.4	  shows	  these	  results.	  
Electrical	  efficiency	   Value	   Uncertainty	  
Maximum	  power	  period	  B2	  average	   12,9%	   ±0,8%	  
Maximum	  power	  period	  T2	  average	   12,9%	   ±0,7%	  
Daily	  B2	  average	   10,4%	   ±1,4%	  
Daily	  T2	  average	   9,7%	   ±1,3%	  
8am	  to	  1pm	  B2	  average	   9,7%	   ±1,2%	  
8am	  to	  1pm	  T2	  average	   9,3%	   ±1,1%	  
Table	  4.4:	  Summary	  of	  the	  electrical	  efficiency	  averages	  calculated	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
Another	  important	  thing	  to	  take	  into	  account	  is	  that	  the	  electrical	  efficiency	  of	  the	  front	  side	  of	  
the	  troughs	  has	  a	  lower	  electrical	  efficiency	  than	  18,6%,	  the	  theoretical	  electrical	  efficiency	  of	  
the	  cells	  according	  to	  [Big	  Sun	  Energy,	  2013].	  This	  is	  believed	  to	  be	  because	  of	  the	  losses	  from	  
the	   glass	   as	   it	   reflects	   some	   light,	   the	   losses	   from	   the	   silicone	   as	   it	   absorbs	   some	   light	   and	  
transforms	   it	   into	  heat	  and	  also	  due	  to	  matching	   losses	  as	   in	  a	  string	  connected	   in	  series	  the	  
cell	  that	  is	  producing	  the	  lowest	  voltage	  dictates	  the	  voltage	  of	  the	  whole	  string.	  
Regarding	   the	   differences	   between	   the	   top	   and	   the	   bottom	   trough,	   it	   can	   be	   seen	   that	   the	  
electrical	   efficiency	   at	   maximum	   power	   is	   more	   or	   less	   the	   same	   as	   their	  maximum	   power	  
output	   is	   very	   similar	   and	   that	   the	  maximum	  power	  period	  of	   the	  bottom	   trough	   (one	   third	  
size	  cells)	  is	  longer.	  These	  differences	  will	  be	  further	  analyzed	  in	  Section	  4.2.4.	  
4.2.2 Estimation	  of	  the	  Peak	  Power	  of	  the	  Collector	  at	  STC	  
An	  estimation	  of	  the	  peak	  power	  of	  the	  collector	  at	  STC	  has	  been	  made.	  To	  do	  so,	  firstly,	  each	  
Pmp	  measurement	   has	   been	   converted	   to	   standard	   test	   conditions.	   Firstly	   it	   is	   converted	   to	  
1000W/m2	  of	  radiation	  by	  multiplying	  it	  by	  1000	  and	  dividing	  it	  by	  the	  radiation	  at	  the	  moment	  
of	   the	   measurement.	   Secondly,	   a	   compensating	   factor	   is	   needed	   to	   convert	   the	   collector	  
temperature	  to	  25ºC.	  Due	  to	  limitations	  with	  the	  equipment,	  the	  temperature	  of	  the	  collector	  
could	  not	  be	  measured	  and	  has	  to	  be	  estimated.	  The	  15th	  April	  2014	  ambient	  temperature	  at	  
10am	  was	   11ºC.	   It	   will	   be	   assumed	   that	   the	   temperature	   of	   the	   collector	   was	   ten	   degrees	  
above	  ambient	  temperature	  when	  the	  measurements	  were	  started,	  this	  is,	  21ºC	  at	  10am.	  [Big	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Sun	   Energy,	   2013]	   indicates	   that	   Pmp	   has	   a	   relation	   with	   the	   collectors	   temperature	   of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
-­‐0,43%/ºC	   and	   the	   Voc	   with	   the	   temperature	   of	   -­‐2,12mV/ºC.	   So,	   considering	   an	   initial	  
temperature	  of	  21ºC,	  it	  will	  be	  assumed	  that	  it	  will	  vary	  depending	  on	  the	  variation	  of	  the	  Voc	  
and	   thus	   the	   collector’s	   temperature	  will	   be	   estimated	   throughout	   the	   day.	   Then,	   the	   peak	  
power	  at	  STC	  will	  be	  calculated	  by	  using	   the	  value	   -­‐0,43%/ºC	  and	  considering	   the	  difference	  
between	  the	  assumed	  temperature	  of	  the	  collector	  and	  25ºC.	  At	  this	  point,	  all	  the	  measured	  
values	  of	  Pmp	  have	  been	  corrected	  to	  STC.	  Now	  it	  is	  needed	  to	  convert	  the	  Pmp	  values	  of	  each	  
trough	  to	  the	  total	  Pmp	  of	  the	  collector.	  To	  do	  so,	  Equation	  4.15,	  Equation	  4.16	  and	  Equation	  
4.17	  will	  be	  used.	  These	  equations	  will	  also	  help	  explaining	  the	  introduced	  procedure.	  𝑃!",!"#$%,!"# =   𝑃!",!!,!"# + 𝑃!",!!,!"# 	  	  	   	   	  (4.15)	  𝑃!",!"#$%,!"# = 𝑃!",!",!"# + 𝑃!",!",!"# + 𝑃!",!",!"# + 𝑃!",!",!"# 	   	  	  	  	  	  	  (4.16)	  
𝑤ℎ𝑒𝑟𝑒  𝑃!",!!,!"# = 𝑃!",!! ∗ !"""!!,!! ∗ 1 + 0,0043 ∗ 𝑇!!,!!! − !!",!!,!!!!",!!,!!!!,!!"#"∗!!",!!,!!! − 25 	  (4.17)	  
and	  the	  correspondent	  calculation	  would	  be	  made	  for	  Pmp,T2,STC,	  Pmp,BF,STC,	  Pmp,BR,STC,	  Pmp,TF,STC	  and	  
Pmp,TR,STC.	  
Then,	  an	  average	  of	  the	  peak	  power	  at	  STC	  will	  be	  calculated.	  This	  average	  will	  include	  only	  the	  
values	  that	  form	  part	  of	  the	  period	  of	  time	  when	  the	  two	  troughs	  are	  performing	  at	  maximum	  
power;	   this	   is,	   between	   12:20pm	   and	   1:40pm.	   The	   average	   value	   obtained	   is	   229,45W	  
(standard	  deviation:	  3,66W;	  standard	  deviation	  of	  the	  mean:	  0,86W).	  	  
Furthermore,	   this	   average	   value	   has	   been	   calculated	   by	   trough.	   The	   bottom	   trough	   has	   an	  
average	   value	   of	   114,42W	   (standard	   deviation:	   2,00W;	   standard	   deviation	   of	   the	   mean:	  
0,41W)	   while	   the	   top	   trough	   an	   average	   value	   of	   115,29W	   (standard	   deviation:	   2,18W;	  
standard	  deviation	  of	  the	  mean:	  0,52W).	  This	  means	  that,	  according	  to	  the	  estimation	  made,	  
the	  one	  sixth	  size	  cells	  have	  a	  slightly	  higher	  peak	  power	  at	  STC.	  
Finally,	  it	  has	  been	  also	  split	  by	  front	  and	  reflector	  side.	  BF	  has	  an	  average	  of	  50,14W	  (standard	  
deviation:	  0,57W;	  standard	  deviation	  of	  the	  mean:	  0,17W),	  TF	  of	  49,21W	  (standard	  deviation:	  
1,07W;	   standard	   deviation	   of	   the	   mean:	   0,36W),	   BR	   64,84W	   (standard	   deviation:	   1,32W;	  
standard	  deviation	  of	  the	  mean:	  0,38W)	  and	  TR	  66,76W	  (standard	  deviation:	  1,41W;	  standard	  
deviation	  of	  the	  mean:	  0,47W).	  Thus,	  it	  can	  be	  seen	  that	  the	  reflector	  has	  a	  higher	  peak	  power	  
at	  STC.	  This	  point	  will	  be	  further	  analyzed	  in	  Section	  4.2.3.	  
Nevertheless,	  as	  well	  as	  in	  Section	  4.2.1,	  the	  uncertainty	  of	  these	  previous	  values	  has	  also	  been	  
calculated	  using	  Equation	   4.1	  and	  Equation	   4.2.	   The	   uncertainty	   intervals	   obtained	  with	   this	  
method	   are	   higher	   than	   the	  previous	   ones	   and	   thus	   are	   the	  ones	   selected.	  Table	   4.5	   shows	  
these	  results.	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Peak	  Power	  at	  STC	   Value	  [W]	   Uncertainty	  [W]	  
Collector’s	  average	  value	   230	   ±7,5	  
B2	  average	  value	   114	   ±2,5	  
T2	  average	  value	   115	   ±2,5	  
BF	  average	  value	   50	   ±1,0	  
TF	  average	  value	   49	   ±1,0	  
BR	  average	  value	   65	   ±1,0	  
TR	  average	  value	   67	   ±1,0	  
Table	  4.5:	  Summary	  of	  the	  averages	  calculated	  of	  peak	  power	  at	  STC	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
4.2.3 Comparison	  between	  the	  Front	  and	  the	  Reflector	  Side	  of	  the	  Troughs	  
Firstly,	  a	  ratio	  has	  been	  calculated	  dividing	  the	  power	  output	  of	  the	  front	  and	  reflector	  side	  by	  
the	   total	   power	   output	   at	   that	   time	   for	   both	   top	   and	   bottom	   trough.	   This	   has	   been	   done	  
thanks	  to	  Equation	  4.18	  and	  its	  results	  are	  shown	  in	  Figure	  4.12.	  𝑅𝑎𝑡𝑖𝑜! =    !!",!"!!",!"!!!",!"	   	  	  	  	   	   	  	  	  (4.18)	  
and	  the	  correspondent	  calculation	  would	  be	  made	  for	  TF.	  
	  
Figure	  4.12:	  Front-­‐reflector	  power	  ratio	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
During	  the	  first	  part	  of	  the	  day	  the	  front	  side	  produces	  more	  power.	  This	  occurs	  when	  one	  or	  
both	  strings	  of	  the	  reflector	  side	  are	  shaded.	  At	  around	  8:30am	  the	  ratio	  is	  around	  80%-­‐20%,	  
this	   is	  when	  both	   strings	  are	  nearly	   completely	   shaded	  and	   they	  produce	  only	   thanks	   to	   the	  
diffuse	  radiation.	  From	  9am	  to	  10am,	  one	  string	  progressively	  unshades	  and	  the	  ratio	  becomes	  
close	  to	  55%-­‐45%.	  When	  the	  second	  string	  unshades	  the	  reflector	  side	  produces	  more	  power	  
output	  than	  the	  front	  side	  at	  a	  ratio	  of	  around	  45%-­‐55%.	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The	  daily	  average	  value	  of	   this	   ratio	   is	  56,45%	   (F)	  –	  43,55%	   (R)	   (standard	  deviation:	  12,14%;	  
standard	   deviation	   of	   the	   mean:	   1,31%).	   Calculating	   this	   average	   value	   by	   bottom	   and	   top	  
trough,	   the	   results	   for	   the	   bottom	   trough	   are	   56,02%	   (F)	   -­‐	   43,98%	   (R)	   (standard	   deviation:	  
12,55%;	   standard	   deviation	   of	   the	   mean:	   1,91%)	   and	   56,87%	   (F)	   –	   43,13%	   (R)	   for	   the	   top	  
trough	  (standard	  deviation:	  11,85%;	  standard	  deviation	  of	  the	  mean:	  1,81%).	  
In	   addition,	   as	   well	   as	   in	   Section	   4.2.1	   and	   Section	   4.2.2	   the	   uncertainty	   of	   these	   previous	  
values	   has	   also	   been	   calculated	   using	   Equation	   4.1	   and	   Equation	   4.2.	   In	   this	   case,	   the	  
uncertainty	  intervals	  obtained	  with	  this	  method	  are	  lower	  than	  the	  previous	  ones	  (±0,64%	  for	  
the	  daily	  average,	  ±0,34%	  for	  the	  bottom	  trough	  and	  ±0,55%	  for	  the	  top	  trough)	  and	  thus	  will	  
not	  be	  the	  ones	  selected.	  Table	  4.6	  shows	  these	  results.	  
Front-­‐Reflector	  power	  ratio	   Value	   Uncertainty	  
Global	  daily	  average	  value	   56,5%	   ±1,5%	  
Bottom	  daily	  average	  value	   56,0%	   ±2,0%	  
Top	  daily	  average	  value	   57,0%	   ±2,0%	  
Table	  4.6:	  Summary	  of	  the	  daily	  averages	  calculated	  of	  the	  front-­‐reflector	  maximum	  power	  ratio	  of	  the	  
Solarus	  AB	  hybrid	  PV/T	  collector.	  
Regarding	  the	  differences	  between	  the	  top	  and	  the	  bottom	  trough,	  the	  main	  difference	  is	  that	  
the	   period	   of	   time	   when	   the	   reflector	   side	   produces	  more	   power	   is	   longer	   for	   the	   bottom	  
trough	   than	   for	   the	   top	   trough.	   This	   had	  also	  been	   seen	   in	  Section	  4.2.1	   and	  will	   be	   further	  
analyzed	  in	  Section	  4.2.4.	  
Secondly,	  the	  area	  below	  the	  Pmp	  curves	  for	  BF,	  BR,	  TF	  and	  TR	  (Figure	  4.10)	  has	  been	  integrated	  
to	  calculate	  their	  daily	  energy	  production	  of	  electricity.	  The	  results	  are	  a	  production	  of	  262Wh	  
for	  BF,	  258Wh	  for	  BR,	  251Wh	  for	  TF	  and	  235Wh	  for	  TR	  during	  the	  tested	  hours	  of	  the	  day.	  This	  
means	   that	   the	   front	   side	  of	   the	   cells	   one	   third	   the	   size	   of	   a	   standard	   cell	   have	  produced	   a	  
1,55%	  more	  of	  electricity	  than	  its	  reflector	  side	  and	  that	  the	  front	  side	  of	  the	  cells	  one	  sixth	  the	  
size	  of	  a	  standard	  cell	  have	  produced	  a	  6,81%	  more	  of	  electricity	  than	  its	  reflector	  side	  during	  
the	  58,33%	  of	  the	  day.	  	  
Nevertheless,	  as	  well	  as	  in	  Section	  4.2.1	  this	  value	  has	  also	  been	  calculated	  from	  8am	  to	  1pm.	  
The	  values	  obtained,	  from	  8am	  to	  1pm,	  are	  173Wh	  for	  BF,	  154Wh	  for	  BR,	  166Wh	  for	  TF	  and	  
145Wh	  for	  TR.	  This	  means	  that	  the	  front	  side	  of	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell	  
has	  produced	  a	  12,34%	  more	  of	  electricity	  and	  that	  the	  front	  side	  of	  the	  cells	  one	  sixth	  the	  size	  
of	   a	   standard	   cell	   has	   produced	   a	   14,48%	  more	   of	   electricity	   during	   the	   41,67%	   of	   the	   day	  
(from	  8am	  to	  1pm),	  which	  is	  equivalent	  to	  the	  83,33%	  of	  the	  day	  (from	  8am	  to	  6pm).	  	  
To	  end	  with	  this	  section,	  Figure	  4.13	  and	  Figure	  4.14	  show	  the	  hourly	  electricity	  production	  for	  
the	  bottom	  and	  top	  trough.	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Figure	  4.13:	  BF	  and	  BR	  hourly	  production	  of	  electricity	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	  
	  
Figure	  4.14:	  TF	  and	  TR	  hourly	  production	  of	  electricity	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	  
As	  a	  conclusion,	  not	  only	  the	  front	  side	  of	  the	  troughs	  are	  producing	  more	  than	  the	  reflector	  
side	  during	  more	  time	  of	  the	  day	  (this	  has	  been	  seen	  with	  Figure	  4.12	  and	  Table	  4.6),	  but	  they	  
also	   end	   up	   producing	   more	   electricity	   throughout	   the	   day.	   This	   requires	   Solarus	   AB	   to	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ameliorate	   its	   design	   in	   order	   to	   decrease	   the	   shading	   effects	   so	   that	   the	   reflector	   side	  
improves	  its	  performance.	  
4.2.4 Comparison	  between	  the	  two	  Cell	  Sizes	  
Before	  all,	   it	  has	   to	  be	  announced	  that	  during	   this	   section	   the	   top	  trough	  will	  be	   referred	  as	  
cells	  one	  sixth	  the	  size	  of	  a	  standard	  and	  that	  the	  bottom	  trough	  will	  be	  referred	  as	  cells	  one	  
third	  the	  size	  of	  a	  standard	  cell.	  
To	   start	   with	   this	   comparison,	   it	   has	   to	   be	   noted	   that	   both	   cell	   sizes	   produce	   at	  maximum	  
power	  during	  different	  periods.	  The	  one	  third	  size	  cells	  start	  producing	  at	  maximum	  power	  at	  
12:10pm	  and	   continue	  until	   2pm.	   The	   one	   sixth	   size	   cells	   produce	   at	  maximum	  power	   from	  
12:20pm	   to	   1:40pm.	   This	   means	   that	   the	   one	   third	   size	   cells	   produce	   at	   maximum	   power	  
during	  half	  an	  hour	  more.	  
Secondly,	  the	  increase	  before	  the	  maximum	  power	  production	  period	  and	  the	  decrease	  after	  
the	   maximum	   power	   production	   period	   for	   both	   cell	   sizes	   has	   been	   quantified.	   Linear	  
regression	   lines	   have	   been	   made	   with	   that	   purpose.	   These	   linear	   regression	   lines	   follow	  
Equation	  4.19.	  	   𝑃!" =   𝑝! ∗ 𝑇𝑖𝑚𝑒 + 𝑝!	   	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  (4.19)	  
Situation	   p1	  value	   p2	  value	   Norm	  of	  residuals	  
One	  third	  decrease	   -­‐882	   623	   2,46	  
One	  sixth	  decrease	   -­‐1308	   851	   0,57	  
One	  third	  increase	   775	   -­‐284	   	  	  	  	  	  2,89	  
One	  sixth	  increase	   1117	   -­‐468	   2,12	  
Table	  4.7:	  Linear	  regression	  values	  for	  the	  increase	  before	  the	  maximum	  power	  period	  and	  the	  decrease	  
after	  the	  maximum	  power	  period	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
It	  can	  be	  thus	  seen	  that	  the	  one	  sixth	  size	  cells	  increase	  and	  decrease	  in	  a	  more	  steep	  way	  than	  
the	  one	  third	  size	  cells.	  Thirdly,	  a	   ratio	  has	  been	  calculated	  dividing	  the	  power	  output	  of	   the	  
one	  sixth	  size	  cells	  and	  the	  one	  third	  size	  cells.	  Its	  results	  are	  shown	  in	  Figure	  4.15.	  𝑅𝑎𝑡𝑖𝑜!! =   1 − !!",!!!!",!!	   	  	  	  	   	   (4.20)	  
and	  the	  correspondent	  calculation	  would	  be	  made	  for	  BF	  and	  BR.	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Figure	  4.15:	  One	  third	  –	  one	  sixth	  size	  cells	  power	  ratio	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	  
Regarding	   the	   front	   side	   of	   the	   cells,	   during	   the	   beginning	   of	   the	   day	   until	   10:30am	  
alternations	   occur	  with	   the	   ratio.	   But,	   since	   that	   time,	   the	  one	   third	   size	   cells	   produce	   a	   bit	  
more	  than	  the	  one	  third	  size	  cells	  with	  values	  below	  10%.	  About	  the	  reflector	  side	  of	  the	  cells,	  
they	   are	   also	   some	   alternations	   at	   the	   beginning	   of	   the	   day.	  What	   is	   really	   notable	   of	   this	  
graphic	   is	   what	   occurs	   afterwards.	   They	   are	   two	   periods,	   from	   11:30am	   to	   12:30pm	  
approximately	   and	   from	   1:40pm	   to	   3pm	  where	   the	   production	   of	   the	   one	   third	   size	   cells	   is	  
much	  higher	  than	  the	  one	  sixth	  size	  cells.	  This	  occurs	  because	  the	  one	  third	  size	  cells	  start	  to	  
unshade	  before	  and	  begin	   to	   shade	  again	   later.	  During	   the	  maximum	  power	  period,	   though,	  
their	  production	   is	  more	  or	   less	   similar.	  Finally,	  what	  can	  be	  seen	   in	   the	  graphic	   for	  B2	   is	  an	  
addition	  of	  the	  two	  other	  curves.	  	  
As	  a	   result,	   the	  B2	  daily	  average	   ratio	   in	   relation	   to	  T2	   is	  4,73%,	   (standard	  deviation:	  9,09%;	  
standard	  deviation	  of	  the	  mean:	  1,39%)	  for	  BF	  in	  relation	  with	  TF	  is	  3,18%	  (standard	  deviation:	  
7,45%;	   standard	   deviation	   of	   the	   mean:	   1,14%)	   and	   for	   BR	   in	   relation	   with	   TR	   is	   5,52%	  
(standard	   deviation:	   13,63%;	   standard	   deviation	   of	   the	   mean:	   2,08%).	   This	   means	   that	   the	  
reflector	  side	  of	  the	  cells	  contributes	  more	  to	  the	  differences	  between	  the	  one	  sixth	  and	  the	  
one	  third	  size	  cells.	  When	  both	  cells	  are	  functioning	  at	  maximum	  power	  (this	  is,	  from	  12:20am	  
to	   1:40pm),	   the	   ratio	   for	   B2	   is	   1,63%	   (standard	   deviation:	   1,02%;	   standard	   deviation	   of	   the	  
mean:	   0,34%),	   4,09%	   for	   BF	   (standard	   deviation:	   0,47%;	   standard	   deviation	   of	   the	   mean:	  
0,16%),	  and	  -­‐0,27%	  for	  BR	  (standard	  deviation:	  1,78%;	  standard	  deviation	  of	  the	  mean:	  0,59%).	  
So,	  during	  this	  period	  both	  cell	  sizes	  perform	  nearly	  in	  the	  same	  way	  while	  the	  front	  side	  of	  the	  
one	  third	  size	  cells	  performs	  quite	  better	  than	  the	  one	  of	  the	  one	  sixth	  size	  cells.	  	  
In	   addition,	   as	  well	   as	   happened	   in	   Section	   4.2.3	   the	   uncertainties	   of	   these	   previous	   values	  
calculated	  using	  Equation	  4.1	  and	  Equation	  4.2	  are	  lower	  than	  the	  previous	  ones	  (±0,064%	  for	  
the	   B2	   daily	   average,	   ±0,097%	   for	   the	   BF	   daily	   average,	   ±0,216%	   for	   the	   BR	   daily	   average,	  
±0,003%	   for	   the	  B2	  maximum	  power	   average,	   ±0,008%	   for	   the	  BF	  maximum	  power	   average	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and	   ±0,003%	   for	   the	   BR	  maximum	   power	   average)	   and	   thus	   will	   not	   be	   the	   ones	   selected.	  
Table	  4.8	  shows	  these	  results.	  
Top-­‐Bottom	  troughs	  power	  ratio	   Value	   Uncertainty	  
Both	  sides	  one	  third	  size	  cells	  daily	  average	   4,7%	   ±1,4%	  
Front	  side	  one	  third	  size	  cells	  daily	  average	   3,2%	   ±1,1%	  
Reflector	  side	  one	  third	  size	  cells	  daily	  average	   5,5%	   ±2,1%	  
Both	  sides	  one	  sixth	  size	  cells	  maximum	  power	  period	  average	   1,6%	   ±0,3%	  
Front	  side	  one	  sixth	  size	  cells	  maximum	  power	  period	  average	   4,1%	   ±0,2%	  
Reflector	  side	  one	  sixth	  size	  cells	  maximum	  power	  period	  average	   -­‐0,3%	   ±0,6%	  
Table	  4.8:	  Summary	  of	  the	  averages	  calculated	  of	  the	  one	  third	  –	  one	  sixth	  power	  ratio	  of	  the	  Solarus	  AB	  
hybrid	  PV/T	  collector.	  
Finally,	   the	   area	   below	   the	   Pmp	   curves	   for	   B2	   and	   T2	   (Figure	   4.10)	   has	   been	   integrated	   to	  
calculate	  their	  daily	  energy	  production	  of	  electricity.	  The	  results	  are	  a	  production	  of	  521Wh	  for	  
B2	  and	  486Wh	  for	  T2	  during	  the	  tested	  hours	  of	  the	  day.	  This	  means	  that	  the	  cells	  one	  third	  
the	  size	  of	  a	  standard	  cell	  have	  produced	  a	  7,20%	  more	  of	  electricity	  during	  the	  58,33%	  of	  the	  
day.	  Nevertheless,	  as	  well	  as	  in	  Section	  4.2.3,	  this	  value	  has	  also	  been	  calculated	  from	  8am	  to	  
1pm.	  The	  values	  obtained,	  from	  8am	  to	  1pm,	  are	  328Wh	  for	  B2	  and	  311Wh	  for	  T2.	  This	  means	  
that	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell	  have	  produced	  a	  5,47%	  more	  of	  electricity	  
during	  the	  41,67%	  of	  the	  day	  (from	  8am	  to	  1pm),	  which	  is	  equivalent	  to	  the	  83,33%	  of	  the	  day	  
(from	  8am	  to	  6pm).	  To	  end	  with,	  Figure	  4.16	  shows	  the	  hourly	  electricity	  production	  for	  B2	  and	  
T2.	   As	   it	   can	   be	   seen,	   except	   from	  10am	   to	   11am,	   during	   all	   the	   other	   hours	   the	   electricity	  
produced	  from	  the	  one	  third	  size	  cells	  is	  slightly	  higher	  than	  the	  one	  produced	  by	  the	  one	  sixth	  
size	  cells.	  	  	  
	  
Figure	  4.16:	  B2	  and	  T2	  hourly	  production	  of	  electricity	  for	  April	  15th	  2014	  at	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	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To	   conclude,	   it	   can	   be	   said	   that	   the	   cells	   one	   third	   the	   size	   of	   a	   standard	   cell	   perform	  a	   bit	  
better	   than	   the	   cells	   one	   sixth	   the	   size	   of	   a	   standard	   cell.	   This	   is	   believed	   to	   be	   due	   to	   the	  
effect	   of	   shading	   as	   the	   one	   third	   size	   cells	   start	   to	   unshade	  before	   and	   start	   shading	   again	  
later.	   Two	   factors	   contribute	   to	   this	   situation.	   Firstly,	   the	   one	   third	   size	   cells	   are	   situated	  
farther	  away	  from	  the	  end	  gables	  and	  thus	  their	  shading	  effect	  becomes	   lower.	  Secondly,	  as	  
they	  are	  bigger,	  the	  percentage	  of	  the	  cell	  that	  is	  shaded	  by	  the	  end	  gables	  is	  smaller.	  	  	  
4.2.5 Performance	  during	  Testing	  Summary	  
Table	   4.9	   summarizes	   the	   performance	   factors	   obtained	   for	   one	   trough	   (except	   for	   the	  
estimated	   peak	   power	   at	   STC).	   The	   maximum	   electrical	   power	   has	   been	   achieved	   by	   the	  
bottom	  trough	  as	  well	  as	  the	  best	  effective	  cell	  area	  electrical	  efficiency.	  
Parameter	   Value	   Uncertainty	   Unit	  
Maximum	  Electrical	  Power	  (at	  1.007W/m2)	   112,50	   ±0,052	   W	  
Maximum	  Power	  Point	  Voltage	   8,85	   ±0,004	   V	  
Maximum	  Power	  Point	  Current	   12,34	   ±0,001	   A	  
Maximum	  Power	  Point	  Fill	  Factor	   71,89	   ±0,042	   %	  
Maximum	  Open	  Circuit	  Voltage	   23,28	   ±0,004	   V	  
Maximum	  Short	  Circuit	  Current	   13,21	   ±0,001	   A	  
Estimated	  Peak	  Power	  at	  STC	   230	   ±7,5	   W	  
Best	  Effective	  Cell	  Area	  Electrical	  Efficiency	   13,3	   ±0,3	   %	  
Daily	  Average	  Effective	  Cell	  Area	  Electrical	  Efficiency	  (8	  am	  to	  1pm)	  
of	  the	  Bottom	  Trough	  (1/3	  size	  cells)	  
9,7	   ±1,2	   %	  
Daily	  Average	  Effective	  Cell	  Area	  Electrical	  Efficiency	  (8	  am	  to	  1pm)	  
of	  the	  Top	  Trough	  (1/6	  size	  cells)	  	  
9,3	   ±1,1	   %	  
Table	  4.9:	  Performance	  factors	  summary	  tested	  results	  of	  the	  electrical	  part	  of	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  
4.3 Discussion	  
Firstly,	   at	   the	   maximum	   power	   period,	   the	   average	   electrical	   efficiency	   of	   both	   troughs	   is	  
12,9%.	  About	  the	  daily	  electrical	  efficiency,	  this	   is	  from	  8am	  to	  6pm,	  it	  has	  been	  obtained	  an	  
average	  value	  of	  9,7%	  for	  the	  bottom	  trough	  (one	  third	  size	  cells)	  and	  9,3%	  for	  the	  top	  trough	  
(one	  sixth	  size	  cells).	  	  
Secondly,	   an	   estimation	  of	   the	  peak	   electrical	   power	   at	   STC	  of	   the	   collector	   has	  been	  made	  
obtaining	  a	  value	  of	  230W.	  This	  estimation	  could	  be	  improved	  by	  measuring	  the	  temperature	  
of	  the	  collector	  while	  performing	  the	  measurements.	  
In	  third	  place,	  a	  comparison	  between	  the	  front	  and	  the	  reflector	  side	  of	  the	  troughs	  has	  been	  
made	  by	  calculating	  a	  ratio	  using	  Equation	  4.18.	  The	  daily	  average	  value	  obtained	  for	  this	  ratio	  
is	   56,5%	   (F)	   –	   43,5%	   (R).	   This	   is	   due	   to	   the	   fact	   that	   the	   reflector	   side	   only	   produces	  more	  
power	  than	  the	  front	  side	  during	  peak	  hours,	  when	  both	  strings	  are	  unshaded.	  In	  addition,	  by	  
calculating	   the	  daily	  energy	  generated	  by	   the	   front	  and	   reflector	   side	  of	  both	   troughs,	   it	  has	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been	   obtained	   that	   the	   front	   side	   of	   the	   bottom	   trough	   produces	   12,3%	  more	   of	   electricity	  
from	  8am	  to	  1pm,	  while	  for	  the	  top	  trough	  this	  value	  is	  14,5%.	  
In	   fourth	  place,	   a	   comparison	  has	  been	  made	  between	   the	   two	  cell	   sizes.	   It	  has	  been	   found	  
that	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell	  perform	  at	  maximum	  power	  during	  half	  an	  
hour	  more	  than	  the	  one	  sixth	  cells	  size,	  though	  the	  increase	  and	  decrease	  before	  and	  after	  the	  
maximum	  power	  period	  is	  steeper	  for	  the	  one	  sixth	  cells	  size.	  In	  addition,	  the	  daily	  average	  of	  
the	  ratio	  calculated	  (Equation	  4.20)	  is	  4,7%	  in	  favor	  of	  the	  one	  third	  cells	  size.	  This	  is	  in	  big	  part	  
due	   to	   the	   better	   performance	   of	   their	   reflector.	   At	   the	   maximum	   power	   period	   (from	  
12:20pm	  to	  1:40pm),	  the	  ratio	   is	  1,6%	  in	  favor	  of	  the	  one	  third	  cells	  size	  basically	  due	  to	  the	  
better	   performance	   of	   their	   front	   side.	   To	   end	   up	   with	   this	   analysis,	   the	   production	   of	   the	  
bottom	   trough	  has	  been	  around	  330Wh	  while	  310Wh	   for	   the	   top	   trough	   from	  8am	   to	  1pm.	  
This	  means	  that	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell	  have	  produced	  a	  5,5%	  more	  of	  
electricity	  during	   the	  41,67%	  of	   the	  day,	  which	   is	  approximately	  equivalent	   to	   the	  83,33%	  of	  
the	  day	  (from	  8am	  to	  6pm).	  As	  a	  result,	  the	  one	  third	  size	  cells	  perform	  a	  little	  better	  than	  the	  
one	  sixth	  ones.	  In	  addition,	  as	  they	  are	  cheaper	  and	  easier	  to	  manufacture,	  it	  is	  recommended	  
to	  use	  this	  cells	  size.	  	  
Finally,	  it	  is	  important	  to	  say	  that	  the	  generation	  of	  electricity	  could	  be	  drastically	  improved	  if	  
the	  shading	  problems	  of	  the	  collector	  were	  solved	  or	  improved	  and	  it	  is	  highly	  recommended	  
to	  Solarus	  AB	  to	  perform	  further	  studies	  regarding	  this	  issue.	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5-­‐ Testing	  and	  Analysis	  of	  the	  Performance	  of	  the	  Collector	  
5.1 Methodology	  
To	  begin,	   it	  has	  to	  be	  announced	  that	  the	  testing	  system	  that	  will	  be	  described	  below	  was	  in	  
great	  part	  built	  and	  connected	  by	  the	  author	   in	  collaboration	  with	  staff	   from	  Solarus	  AB	  and	  
Högskolan	   i	   Gävle.	   The	   most	   important	   tasks	   that	   have	   been	   performed	   have	   been	  
ameliorating	  the	  wooden	  stand	  where	  the	  collector	  is	  placed	  and	  connecting	  all	  the	  electrical	  
and	  thermal	  cables	  and	  hoses	  to	  the	  collector	  through	  the	  test	  rig	  and	  the	  other	  devices	  of	  the	  
system	  that	  will	  be	  below	  described.	  In	  addition,	  the	  author	  also	  collaborated	  in	  the	  reparation	  
of	  the	  collector	  with	  the	  staff	  from	  Solarus	  AB.	  
5.1.1 Placement	  
The	   collector	   was	   mounted	   in	   an	   outdoor	   test	   rig	   at	   the	   roof	   of	   the	   building	   Hall	   45	   of	  
Högskolan	   i	   Gävle,	   Gävle,	   Sweden	   (coordinates:	   60o40’37,20”	   North,	   17o6’47,16”	   East),	   and	  
was	   tested	   between	  May	   23rd	   2014	   and	   June	   2nd	   2014	   when	   the	   weather	   conditions	   were	  
adequate.	  It	  was	  placed	  facing	  south	  with	  a	  tilt	  of	  25º	  to	  the	  horizontal.	  Figure	  5.1	  shows	  this	  
disposition.	  The	  testing	  methodology	  was	  suggested	  by	  Solarus	  AB.	  
	  
Figure	  5.1:	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  
Sweden.	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5.1.2 Equipment	  
The	  equipment	  used	  during	   this	   testing	  procedure	  was	  an	   IV	   tracer,	   a	   solar	   thermal	   test	   rig,	  
two	   flow	  meters,	   a	   control	   system,	   five	   temperature	   sensors,	   two	  pyranometers	   and	   a	   data	  
logger.	  	  
The	  IV	  tracer	  used	  is	  the	  one	  described	  in	  Section	  4.1.2.	  The	  solar	  thermal	  test	  rig	   is	  a	  device	  
developed	  for	  Solarus	  AB	  and	  Högskolan	   i	  Gävle	  by	  Finsun	   Inresol	  AB.	   It	  consists	  of	  a	  control	  
unit,	  a	  feed	  water	  pump,	  one	  flow	  meter,	  a	  mixing	  tank,	  a	  heating	  apparatus	  and	  a	  plate	  heat	  
exchanger.	  It	  was	  designed	  to	  connect	  the	  thermal	  circuit	  in	  a	  closed	  loop	  feeding	  the	  collector	  
a	  constant	  inlet	  temperature	  independent	  of	  the	  return	  or	  outlet	  temperature.	  The	  pump	  used	  
in	  the	  device	  is	  a	  Wilo	  Star	  RS	  25/7,	  with	  a	  three	  stage	  speed	  switch.	  It	  can	  supply	  a	  maximum	  
flow	   volume	   of	   1,4	   liters	   per	   second,	   with	   a	  maximum	   delivery	   head	   of	   7	  meters	   [Wilo	   SE,	  
2014].	  Water	  or	  glycol	  can	  be	  used	  as	  the	  fluid	  that	  circulates	  in	  the	  system.	  Water	  has	  been	  
chosen	   as	   during	   the	   measurement	   period	   there	   is	   no	   risk	   for	   freezing	   and	   it	   is	   easier	   to	  
determine	  its	  properties.	  
	  
Figure	  5.2:	  The	  Finsun	  Inresol	  AB	  solar	  thermal	  test	  rig.	  
Figure	  5.3	  shows	  a	  schematic	  disposition	  of	  how	  the	  two	  circuits	  of	  the	  test	  rig	  are	  connected.	  
The	  coolant	  circuit	  is	  an	  open	  circuit	  connecting	  the	  water	  tab	  to	  the	  test	  rig.	  The	  heat	  circuit	  is	  
connected	   to	   the	   collector	   situated	   at	   the	   roof	   of	   the	  building	  Hall	   45	  of	  Högskolan	   i	  Gävle,	  
Gävle,	  Sweden.	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Figure	  5.3:	  The	  Finsun	  Inresol	  AB	  solar	  thermal	  test	  rig	  circuit	  scheme.	  Source:	  [MELACS,	  December	  
2011].	  
Nevertheless,	   the	   flow	  meter	  of	   the	   test	   rig	  will	  not	  be	  used	  as	   it	   is	  desired	   to	  measure	   two	  
different	   flows,	   one	   for	   the	  water	   circuit	   of	   every	   trough.	   Thus,	   two	   flow	  meters	   have	  been	  
installed	  in	  the	  back	  of	  the	  test	  rig	  so	  the	  water	  goes	  from	  the	  test	  rig	  to	  the	  roof	  through	  two	  
hoses,	  one	  for	  each	  trough,	  passing	  previously	  through	  the	  flow	  meters.	  The	  two	  flow	  meters	  
are	  from	  the	  FMG82	  model.	  This	  model	  has	  an	  accuracy	  of	  ±1%	  [Omega,	  2014].	  In	  addition,	  it	  is	  
important	  to	  say	  that	  they	  were	  calibrated	  by	  In	  Situ	  Instrument	  AB	  before	  the	  testing	  period	  
started.	  
About	   the	   control	   system,	   the	  MELACS	   (Micro	   Energy	   Logger	  And	  Control	   System)	  has	   been	  
used.	   It	   stands	   for	   a	   versatile	   device	   built	   around	   a	   PIC16F	   micro	   controller.	   It	   has	   been	  
designed	  and	  manufactured	  by	  Finsun	  Inresol	  AB	  and	  it	  is	  used	  as	  the	  controller	  of	  the	  Finsun	  
Inresol	   AB	   solar	   thermal	   test	   rig	   by	   controlling	   its	   pump,	   heater	   and	   valve.	   It	   accepts	   eight	  
analogue	  voltage	  inputs	  in	  the	  range	  3:3V	  with	  a	  resolution	  of	  0,8mV.	  It	  has	  additionally	  eight	  
digital	   I/O	  ports,	   Ethernet	  networking,	  USB,	  high-­‐current	   relay	   switches,	   and	  a	  MicroSD	   card	  
slot.	  
	  
Figure	  5.4:	  The	  MELACS	  control	  system.	  Source:	  Google	  images.	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Regarding	   the	   temperature	   sensors,	   five	   PT100	   sensors	   have	   been	   used.	   Four	   of	   them	  
measured	  the	  inlet	  and	  outlet	  temperature	  of	  the	  two	  troughs	  of	  the	  collector,	  while	  the	  fifth	  
one	  measured	  the	  ambient	  temperature.	  These	  sensors	  have	  been	  purchased	  from	  Pentronic	  
and	   have	   an	   accuracy	   of	   ±0,15ºC	   at	   0ºC,	   which	   has	   been	   assumed	   to	   remain	   constant	  
[Pentronic,	   2014].	   As	  well	   as	   the	   flow	  meters,	   the	   PT100	   sensors	  were	   calibrated	   by	   In	   Situ	  
Instrument	  AB	  before	  the	  testing	  period	  started.	  
To	  continue,	  the	  two	  pyranometers	  used	  were	  from	  Kipp&Zonen.	  The	  CMP6	  model	  was	  used	  
to	  measure	  the	  global	  irradiance	  while	  the	  CMP3	  model	  was	  combined	  with	  a	  shadow	  ring	  to	  
measure	   the	  diffuse	   radiation,	   as	   it	   can	  be	   seen	   in	  Figure	  5.1.	   They	   are	  believed	   to	  have	   an	  
accuracy	  of	  ±2%	  assuming	  that	  the	  calibration	  factor	  is	  correct. 
Finally,	  the	  data	  logger	  used	  is	  a	  CR1000	  and	  it	  has	  been	  used	  to	  read	  the	  data	  from	  the	  five	  
thermal	  sensors,	  the	  two	  pyranometers,	  the	  two	  flow	  meters	  and	  the	  IV	  tracer.	  
5.1.3 Measured	  Parameters	  
Parameter	   Logging	  device	   Comments	  
Imp,	  Isc,	  Vmp,	  Voc,	  Pmp	   CR1000	  
IV	  tracer	  
[A,	  V,	  W]	  
Instantaneous	   electrical	  measurements	  were	  made	  
by	   performing	   four	   different	   IV	   curves	   every	   30	  
seconds.	  	  	  
Tin,	  Tout	   CR1000	  
PT100	  temperature	  
sensors	  
[ºC]	  
Measured	   every	   7,5	   seconds.	   Two	   pairs	   of	  
measurements,	  one	  for	  each	  trough.	  
Tamb	   CR1000	  
PT100	  temperature	  
sensor	  
[ºC]	  
Measured	  every	  7,5	  seconds.	  
SG	   CR1000	  
Pyranometer	  
[W/m2]	  
Measured	  every	  7,5	  seconds.	  
SD	   CR1000	  
Pyranometer	  with	  
shadow	  ring	  
[W/m2]	  
Measured	  every	  even	  7,5	  seconds.	  𝑉! ,   𝑉! 	   CR1000	  
Flow	  meters	  
[l/min]	  
Measured	  every	  7,5	  seconds.	  
Table	  5.1:	  Measured	  parameters	  for	  testing	  the	  electrical	  and	  thermal	  part	  of	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  
5.1.4 Limitations	  
The	  main	   limitation	   of	   the	   measurements	   has	   been	   a	   tight	   schedule.	   The	   construction	   and	  
connection	  of	  the	  system	  took	  more	  time	  than	  expected	  and	  thus	  they	  were	  very	  limited	  days	  
left	  to	  perform	  the	  measurements.	  Luckily,	  though,	  they	  were	  good	  weather	  conditions	  during	  
the	  testing	  period	  and	  thus	  the	  collector	  could	  be	  tested	  at	  three	  different	  temperatures.	  As	  it	  
will	  be	  further	  explained	  in	  Section	  5.2,	  this	  has	  been	  made	  to	  measure	  the	  heat	  losses	  of	  the	  
collector.	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Secondly,	   the	   MELACS	   control	   system	   did	   not	   regulate	   automatically	   the	   temperature	   and	  
needed	  manual	  supervision.	  This	  implies	  that	  the	  inlet	  temperatures	  to	  the	  collector	  were	  not	  
exactly	  constant	  at	  the	  desired	  temperature	  values	  and	  varied	  around	  ±2ºC	  as	  much.	  
5.1.5 Measurement	  Plan	  
The	   objective	   was	   to	   test	   the	   collector	   at	   three	   different	   ∆T,	   one	   for	   each	   day	   of	  
measurements,	   achieving	   as	   many	   daily	   curves	   as	   possible.	   This	   was	   made	   to	   be	   able	   to	  
measure	   the	   heat	   losses	   of	   the	   collector.	   	   So,	   as	   long	   as	   the	   weather	   conditions	   were	  
adequate,	   the	   system	   was	   left	   automatically	   taking	   measures	   which	   were	   recorded	   by	   the	  
CR1000	  data	  logger	  while	  regulating	  Tin	  to	  keep	  it	  constant	  throughout	  the	  day.	  In	  this	  respect,	  
as	   shown	   in	   Section	   5.1.3,	   every	   thirty	   seconds	   the	   data	   logger	   recorded	   four	   different	   IV	  
curves	   (one	   for	  BF,	  one	   for	  BR,	  one	   for	   TF	  and	  one	   for	   TR)	  while	   it	   recorded	   the	   rest	  of	   the	  
measured	  parameters	  every	  7,5	  seconds.	  	  
It	  is	  important	  to	  remember	  at	  this	  point	  the	  six	  acronyms	  used	  (B2,	  BF,	  BR,	  T2,	  TF	  and	  TR)	  to	  
describe	  the	  different	  parts	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
Acronym	   Meaning	  
B2	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  and	  reflector	  side.	  
BF	   Electrical	  testing	  of	  the	  bottom	  trough,	  front	  side.	  
BR	   Electrical	  testing	  of	  the	  bottom	  trough,	  reflector	  side.	  
T2	   Electrical	  testing	  of	  the	  top	  trough,	  front	  and	  reflector	  side.	  
TF	   Electrical	  testing	  of	  the	  top	  trough,	  front	  side.	  
TR	   Electrical	  testing	  of	  the	  top	  trough,	  reflector	  side.	  
Table	  5.2:	  Characterization	  of	  the	  acronyms	  used	  to	  describe	  the	  electrical	  measurements	  done	  to	  the	  
Solarus	  AB	  hybrid	  PV/T	  collector.	  
In	  addition,	  it	  has	  to	  be	  said	  that	  the	  system	  was	  provided	  with	  a	  constant	  flow	  of	  around	  1,05	  
l/min	  for	  each	  trough	  and	  tested	  at	  a	  constant	  pressure	  of	  1,1	  bar.	  	  
5.1.6 Data	  Processing	  
All	   the	   data	   was	   saved	   by	   the	   CR1000	   data	   logger	   in	   a	   memory	   card.	   This	   data	   was	   then	  
extracted	  in	  order	  to	  analyze	  and	  treat	  it	  to	  achieve	  the	  desired	  results	  and	  conclusions.	  In	  this	  
case,	  the	  measures	  for	  B2	  and	  T2	  were	  not	  made	  by	  the	  IV	  tracer	  and	  thus	  to	  calculate	  them,	  
Equation	  4.11	  to	  Equation	  4.14	  has	  been	  used.	  	  
5.1.7 Calculation	  of	  the	  Uncertainty	  of	  the	  Measurements	  
Table	  5.3	  summarizes	  the	  uncertainties	   in	  the	  measured	  parameters	  previously	   introduced	  in	  
Section	  5.1.2.	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Symbol	   Uncertainty	   Parameter	  
δV	   ±0,004V	   V	  (Voltage)	  
δI	   ±0,001A	   I	  (Current)	  
δSG	   ±2%	   SG	  (Global	  Irradiance)	  
δSD	   ±2%	   SD	  (Diffuse	  Irradiance)	  
δTin,	  δTout,	  δTa	   ±0,15ºC	   Tin,	  Tout,	  Ta	  (Inlet,	  Outlet	  and	  Ambient	  Temperature)	  
δl,	  δw,	  δb	   ±0,0005m	   l,	  w,	  b	  (Physical	  Measurements)	  δ𝑉! ,   δ𝑉! 	   ±1%	   𝑉! ,   𝑉! 	  (Bottom	  and	  Top	  Water	  Flow	  Rate)	  
Table	  5.3:	  Summary	  of	  uncertainties	  for	  testing	  the	  electrical	  and	  thermal	  part	  of	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  
As	   well	   as	   in	   Section	   4.1.7,	   [John	   R.	   Taylor,	   1997]	   will	   be	   used	   to	   calculate	   the	   uncertainty	  
propagation	  according	  to	  the	  laws	  for	   independent	  and	  random	  variables.	  Thus,	  Equation	  4.1	  
to	  Equation	  4.7	  will	  be	  used.	  	  
5.1.7.1 Thermal	  Power	  and	  Total	  Power	  
As	   the	   IV	   Tracer	   applies	   no	   real	   electrical	   load	   on	   the	   collector,	   the	   portion	   of	   power	   that	  
would	   have	   gone	   through	   an	   electric	   circuit	   is	   transformed	   into	   heat.	   This	   means	   that	   the	  
measured	  thermal	  power	  corresponds	  to	  the	  total	  power	  output	  of	  the	  module	  and	  thus	  can	  
be	  calculated	  as:	   𝑃!"#$% = 𝜌𝑉𝐶!∆𝑇	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  (5.1)	  
Where	  ρ	  is	  the	  density	  of	  the	  water	  (1.000kg/m3),	  𝑉is	  the	  volume	  flow	  rate	  in	  m3/s,	  Cp	   is	  the	  
specific	  heat	  of	  the	  water	  (4,187kJ/(kg*K))	  and	  ∆T	  =	  Tout	  –	  Tin.	  
Thus,	  the	  thermal	  power	  is	  calculated	  as:	  𝑃!! = 𝑃!"#$% − 𝑃!"	   	   	  	  	  	  	  	  	  	  	  	  	  (5.2)	  
The	  uncertainty	  of	  the	  thermal	  power	  has	  been	  evaluated	  for	  each	  measurement	  as:	  δP!! = ±P!! ∗ (!!!"#$%!!!"#$ )! + (!!!"!!" )!	   	   (5.3)	  
Where	  the	  uncertainty	  of	  the	  total	  power	  is:	  
δP!"#$% = ±P!"#$% ∗ (!!! )! + (!∆!!"##∆!!"## )!	   	   (5.4)	  
Where	  the	  uncertainty	  of	  the	  temperature	  difference	  is:	  
δ∆T!"## = ± δT!"#! + δT!"! = ± 0,15! + 0,15! = ±0,2ºC	   (5.5)	  
5.1.7.2 Electric,	  Thermal	  and	  Total	  Power	  Density	  
The	  area	  used	  will	  be	  the	  aperture	  area.	  This	  area	  has	  been	  defined	  in	  Table	  3.1	  and	  is	  equal	  to	  
1m2	   for	   each	   trough.	   The	   uncertainties	   of	   these	   values	   will	   be	   calculated	   for	   each	  
measurement	  using	  Equation	  5.6,	  Equation	  5.7	  and	  Equation	  5.8.	  
	  51	  
	  
δ !!"!!"#$%&$# = ± !!"!!"#$%&$# (!!!"!!" )! + (!!!"#$%&$#!!"#$%&$# )!	   	  	  	  	  	  	  	  	  	  	  (5.6)	  δ !!!!!"#$%&$# = ± !!!!!"#$%&$# (!!!"!!" )! + (!!!"#$%&$#!!"#$%&$# )!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.7)	  δ !!"#$%!!"#$%&$# = δ !!"!!"#$%&$# + δ !!!!!"#$%&$#	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.8)	  
Where	  the	  uncertainty	  of	  the	  aperture	  area	  is:	  
δ𝐴!"#$%&$# = ±A!"#$%&$# ∗ (!!! )! + (!!! )!	  	   	  	  	  	  	  	  (5.9)	  
5.1.7.3 Efficiencies	  
The	   electrical	   efficiency	   can	   be	   calculated	   using	   Equation	   4.8	   and	   thus	   its	   uncertainty	   with	  
Equation	   4.9.	   	   Beam	   irradiance	   is	   calculated	   based	   on	   the	   readings	   of	   global	   and	   diffuse	  
irradiance	  as:	  
	  𝑆! = 𝑆! − 𝑆!	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  (5.10)	  
Thus,	  the	  uncertainty	  of	  the	  beam	  solar	  irradiance	  in	  the	  plane	  of	  the	  collector	  is:	  
δ𝑆! = ± δS!! + δS!!	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.11)	  
The	  expression	  for	  the	  thermal	  efficiency	  is:	  	  𝜂!! % = !!!  (!)!!"!"#$"! !! ∗!!  (!!!)	  	   	   (5.12)	  
Its	  uncertainty	  is	  calculated	  for	  each	  measurement	  with	  Equation	  5.13.	  δ𝜂!! = ±𝜂!! ∗ (!!!"!!" )! + (!!!!! )! + (!!!"#$%&$#!!"#$%&$# )!	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.13)	  
The	  expression	  for	  the	  total	  efficiency	  is:	  	  𝜂!"#$% % = !!"#$%  (!)!!"#$%&$# !! ∗!!  (!!!)	  	   	   (5.14)	  
Its	  uncertainty	  is	  calculated	  for	  each	  measurement	  with	  Equation	  5.15.	  δ𝜂!"#$% = ±𝜂!! ∗ (!!!"#$%!!"#$% )! + (!!!!! )! + (!!!"#$%&$#!!"#$%&$# )!	   	   (5.15)	  
5.1.7.4 Reduced	  Temperature	  
The	  expression	  for	  calculating	  ∆T/Sc	  is:	  
∆!!! = !!"#!!!"! !!!"#!! 	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.16)	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The	  uncertainty	  of	  ∆T	  can	  be	  calculated	  as:	  
𝛿∆𝑇 = ± δT!"#! + δT!"! + δT!"#! = ± 0,15! ∗ 3 = ±0,26  	  	   (5.17)	  
And	  thus	  the	  uncertainty	  of	  the	  reduced	  temperature	  can	  be	  calculated	  as:	  𝛿 ∆!!! = ± ∆!!! (!∆!∆! )! + (!!!!! )!	  	   	   (5.18)	  
5.2 Process	  and	  Results	  
The	  measurements	   were	   made	   during	   four	   different	   days	   at	   three	   different	   Tin	   (which	   was	  
constant	   throughout	   each	   day).	   The	   23rd	   May	   2014	   the	   measurements	   were	   made	   at	   Tin	   =	  
25ºC,	  the	  24th	  May	  2014	  at	  Tin	  =	  40ºC	  and	  the	  May	  29th	  2014	  at	  Tin	  =	  60ºC.	  Nevertheless,	  the	  
measurements	  at	  Tin	  =	  25ºC	  were	  repeated	  to	  obtain	  better	  results	  and	  were	  made	  again	  the	  
2nd	   June	   2014.	   So,	   as	   what	   is	   relevant	   is	   the	   difference	   between	   the	   temperature	   of	   the	  
collector	  and	  the	  ambient	  temperature,	  the	  three	  days	  that	  will	  be	  presented	  in	  this	  thesis	  are	  
the	  23rd	  May	  2014	  (∆T	  =	  2ºC),	  the	  29th	  May	  2014	  (∆T	  =	  50ºC)	  and	  the	  2nd	  June	  2014	  (∆T	  =	  15ºC).	  
It	  is	  also	  important	  to	  note	  that	  some	  figures	  will	  be	  shown	  in	  winter	  time	  and	  some	  others	  in	  
summer	  time	  but	  when	  making	  comments	  about	  them	  summer	  time	  will	  be	  always	  used.	  
The	  23rd	  May	  2014	  was	  a	  very	  good	  day	  for	  taking	  measures	  as	   it	  was	  a	  nearly	  perfect	  sunny	  
day	  with	  the	  exception	  of	  some	  small	  clouds	  that	  from	  time	  to	  time	  shaded	  the	  sunlight	  during	  
some	  minutes.	  This	  cloud	  appearance	   increased	  during	   the	  afternoon.	  As	   the	  measurements	  
were	   made	   every	   7,5	   seconds,	   this	   short	   appearance	   of	   clouds	   highly	   affected	   the	   results.	  
About	  the	  29th	  May	  2014	  and	  the	  2nd	  June	  2014,	  they	  were	  completely	  perfect	  sunny	  days.	  It	  is	  
also	  important	  to	  note	  that	  on	  the	  2nd	  June	  2014	  the	  diffuse	  ring	  did	  not	  work	  properly	  during	  
the	  first	  hours	  of	  the	  day	  and	  that	  is	  why	  the	  diffuse	  and	  the	  beam	  irradiation	  are	  not	  correct.	  
All	  this	  can	  be	  seen	  in	  Figure	  5.5.	  
	  
Figure	  5.5:	  Global,	  diffuse	  and	  beam	  solar	  irradiance	  on	  May	  23rd	  2014	  (up	  left),	  June	  2nd	  2014	  (up	  right)	  
and	  May	  29th	  2014	  (down	  left)	  in	  the	  plane	  of	  the	  collector	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  
Gävle,	  Sweden.	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Figure	  5.6:	  Projected	  solar	  altitude	  (left	  axis)	  and	  surface	  cosine	  effectiveness	  (right	  axis)	  for	  May	  23rd	  
2014	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
According	   to	  Figure	  5.6,	  on	   the	  23rd	  May	  2014	   the	  Sun	   is	   in	   the	  South	   from	  7am	  to	  5pm	   (or	  
8am	  and	  6pm	  for	  summer	  time)	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  To	  
continue,	   the	  electrical	   results	  of	   this	   testing	  procedure	  will	  be	   shown.	  This	  will	  be	  useful	   to	  
compare	  them	  with	  the	  previous	  results	  and	  prove	  the	  conclusions	  made.	  As	  the	  results	  from	  
the	   three	   days	   are	   very	   similar,	   the	   ones	   shown	   for	   the	   electric	   study	  will	   be	   only	   the	   ones	  
from	   the	  2nd	   June	  2014,	  with	  Tin	   =	   25ºC	  and	  ∆T	  =	  15ºC.	   In	   this	  day	   the	  ∆T	  was	   around	  15ºC	  
while	  when	  making	  the	  measurements	  on	  the	  15th	  April	  2014	  the	  ∆T	  is	  unknown	  although	  it	  is	  
believed	   that	   its	   value	   could	   be	   roughly	   around	   10ºC.	  When	   the	   ∆T	   increases	   the	   electrical	  
performance	  of	  the	  collector	  drops	  slightly	  so	  probably	  the	  results	  for	  the	  2nd	  June	  2014	  are	  a	  
bit	  lower	  than	  the	  ones	  for	  the	  15th	  April	  2014.	  
As	   it	  has	  been	  introduced	  previously,	   in	  this	  case	  the	  IV	  tracer	  has	  recorded	  IV	  curves	  for	  BF,	  
BR,	   TF	   and	   TR	   but	   not	   for	   T2	   and	   B2.	   Thus,	  Equation	   4.11	   to	   Equation	   4.14	   will	   be	   used	   to	  
calculate	  its	  values.	  Thus,	  Figure	  5.7	  shows	  the	  final	  results	  obtained.	  Figure	  5.8	  shows	  one	  IV	  
curve	   at	  maximum	  power	   for	   each	   trough	  and	  one	   IV	   curve	   after	  maximum	  power	   for	   each	  
trough	  as	  a	  sample.	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Figure	  5.7:	  Electrical	  output	  parameters	  by	  trough’s	  sides	  (B2,	  BF,	  BR,	  T2,	  TF	  and	  TR)	  for	  June	  2nd	  2014	  at	  
the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
	  
Figure	  5.8:	  Sample	  IV	  curves	  for	  BR	  and	  TR	  at	  maximum	  power	  and	  after	  maximum	  power	  for	  June	  2nd	  
2014	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
It	  can	  be	  seen	  that	  the	  results	  are	  very	  similar	  to	  the	  ones	  obtained	  in	  Section	  4.	  The	  front	  side	  
follows	   the	   behavior	   of	   the	   solar	   irradiance	   while	   the	   performance	   of	   the	   reflector	   side	   is	  
limited	  by	  its	  shading	  problems.	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5.2.1 Electrical	  Efficiency	  Curves	  
The	  electrical	  efficiency	  of	  the	  cells	  has	  been	  calculated	  in	  the	  same	  way	  as	  in	  Section	  5.2.1.	  	  
	  
Figure	  5.9:	  Electrical	  efficiency	  curves	  for	  the	  different	  trough	  sides	  for	  June	  2nd	  2014	  at	  the	  roof	  of	  the	  
building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
About	  the	  average	  electrical	  efficiency	  of	  both	  troughs	  at	  the	  maximum	  power	  period,	  for	  the	  
bottom	   trough	   an	   average	   value	   of	   11,81%	  has	   been	   obtained	  while	   for	   the	   top	   trough	   the	  
value	  obtained	   is	  12,63%.	  The	  average	  electrical	  efficiency	   from	  8am	  to	  6pm	  for	  B2	   is	  9,06%	  
and	  8,88%	  for	  T2.	  	  
Electrical	  efficiency	   Value	   Uncertainty	  
Maximum	  power	  B2	  average	   11,8%	   ±0,5%	  
Maximum	  power	  T2	  average	   12,6%	   ±0,7%	  
8am	  to	  6pm	  B2	  average	   9,1%	   ±1,3%	  
8am	  to	  6pm	  T2	  average	   8,9%	   ±1,2%	  
Table	  5.4:	  Summary	  of	  the	  electrical	  efficiency	  averages	  calculated	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector	  for	  June	  2nd	  2014.	  
These	  values	  are	  a	  bit	   lower	   than	   the	  ones	  obtained	   the	  15th	  April	  2014.	  As	   it	  has	  been	  said	  
before,	  this	  is	  believed	  to	  be	  logic	  as	  the	  ∆T	  for	  that	  day	  was	  lower	  than	  for	  the	  2nd	  June	  2014.	  	  
5.2.2 	  Peak	  Power	  of	  the	  Collector	  at	  STC	  
In	   this	   case,	   as	   the	   collector	   has	   been	   tested	   at	   25ºC,	  when	   the	   global	   irradiation	   achieved	  
values	  of	  1000W/m2	  it	  was	  tested	  at	  STC.	  The	  values	  performing	  at	  these	  characteristics	  have	  
been	  selected	  to	  calculate	  an	  average	  value.	  The	  results	  obtained	  are	  shown	  in	  Table	  5.5.	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Parameter	   Value	  [W]	   Uncertainty	  [W]	  
Collector	  average	  value	   215	   ±7,5	  
B2	  average	  value	   104	   ±2,5	  
T2	  average	  value	   111	   ±2,5	  
BF	  average	  value	   46	   ±1,0	  
TF	  average	  value	   46	   ±1,0	  
BR	  average	  value	   57	   ±1,0	  
TR	  average	  value	   65	   ±1,0	  
Table	  5.5:	  Summary	  of	  averages	  calculated	  of	  the	  peak	  power	  at	  STC	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
As	  it	  can	  be	  seen,	  these	  values	  are	  lower	  than	  the	  ones	  obtained	  at	  Section	  4.2.2.	  As	  a	  result,	  
combining	   both	   studies	   it	   can	   be	   concluded	   that	   the	   peak	   power	   of	   the	   collector	   at	   STC	   is	  
220W	  with	  an	  uncertainty	  of	  ±10W.	  
5.2.3 Comparison	  between	  the	  Front	  and	  the	  Reflector	  Side	  of	  the	  Troughs	  
The	  area	  below	  the	  Pmp	  curves	  for	  BF,	  BR,	  TF	  and	  TR	  has	  been	  integrated	  to	  calculate	  their	  daily	  
energy	  production	  of	  electricity.	  The	  results	  are	  a	  production	  of	  349Wh	  for	  BF,	  282Wh	  for	  BR,	  
342Wh	  for	  TF	  and	  281Wh	  for	  TR	  during	  the	  whole	  day	  (from	  8am	  to	  6pm).	  This	  means	  that	  the	  
front	   side	  of	   the	  cells	  one	   third	   the	   size	  of	  a	   standard	  cell	  have	  produced	  a	  23,76%	  more	  of	  
electricity	   than	   its	   reflector	   side	   and	   that	   the	   front	   side	   of	   the	   cells	   one	   sixth	   the	   size	   of	   a	  
standard	   cell	   have	   produced	   a	   21,71%	  more	   of	   electricity	   than	   its	   reflector	   side	   during	   the	  
whole	  day.	  	  
As	   a	   result,	   the	   achieved	   conclusions	   are	   the	   same	   as	   the	   ones	   obtained	   for	   Section	   4.	   The	  
front	  side	  of	  the	  troughs	  produces	  more	  electricity	  throughout	  the	  day	  than	  the	  reflector	  side.	  
This	   requires	  Solarus	  AB	   to	  ameliorate	   its	  design	   in	  order	   to	  decrease	   the	   shading	  effects	   so	  
that	  the	  reflector	  side	  improves	  its	  performance.	  
5.2.4 Comparison	  between	  the	  Two	  Cell	  Sizes	  
The	  first	  thing	  that	  has	  to	  be	  said	  is	  that	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell	  produce	  
at	  maximum	   power	   during	   a	   longer	   period.	   Nevertheless,	   in	   Section	   4.2.4	   they	   produced	   at	  
maximum	  power	  during	  around	  half	  an	  hour	  more	  but	  in	  this	  case	  this	  time	  period	  difference	  
is	   lower.	   In	  addition,	   in	   this	  case	   the	  cells	  one	  sixth	   the	  size	  of	  a	   standard	  cell	  produce	  a	  8%	  
higher	  maximum	  power	  than	  the	  cells	  one	  third	  the	  size	  of	  a	  standard	  cell.	  This	  did	  not	  happen	  
in	  Section	  4.2.4	  as	  both	  cell	  sizes	  produced	  roughly	  the	  same	  maximum	  power.	  So,	  how	  can	  the	  
different	   results	  obtained	  between	   the	   two	  measuring	  days	  be	  explained?	   It	   is	  believed	   that	  
the	  one	  sixth	   size	  cells	  was	  performing	  at	  a	  higher	   temperature	   than	   the	  one	   third	   size	  cells	  
while	  performing	  the	  measuring	  procedure	  described	  in	  Section	  4.	  Higher	  temperatures	  mean	  
a	  decrease	  in	  the	  electrical	  efficiency	  of	  the	  cells	  and	  this	  could	  have	  caused	  the	  lower	  output	  
obtained	  by	  the	  one	  sixth	  size	  cells	  in	  Section	  4	  compared	  to	  Section	  5.	  	  	  	  
Finally,	  the	  area	  below	  the	  Pmp	  curves	  for	  B2	  and	  T2	  has	  been	  integrated	  to	  calculate	  their	  daily	  
energy	  production	  of	  electricity.	  The	  results	  are	  a	  production	  of	  630Wh	  for	  B2	  and	  623Wh	  for	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T2	  during	  the	  tested	  hours	  of	  the	  day	  (from	  8am	  to	  6pm).	  This	  means	  that	  the	  cells	  one	  third	  
the	  size	  of	  a	  standard	  cell	  have	  produced	  a	  1,12%	  more	  of	  electricity	  during	  the	  whole	  day.	  	  
To	  conclude,	  it	  can	  be	  said	  that	  their	  daily	  performance	  is	  really	  similar	  although	  the	  cells	  one	  
third	   the	   size	   of	   a	   standard	   cell	   perform	   a	   bit	   better	   than	   the	   cells	   one	   sixth	   the	   size	   of	   a	  
standard	  cell.	  This	  is	  believed	  to	  be	  due	  to	  the	  effect	  of	  shading	  as	  the	  one	  third	  size	  cells	  start	  
to	  unshade	  before	  and	  start	  shading	  again	  later.	  Nevertheless,	   in	  contrast	  with	  Section	  4,	  the	  
maximum	  power	  obtained	  by	  the	  one	  sixth	  size	  cells	  has	  now	  been	  higher	  than	  the	  one	  of	  the	  
one	  third	  size	  cells,	  situation	  that	  did	  not	  occur	  in	  Section	  4.	  It	  is	  believed	  that	  the	  results	  from	  
Section	  5	  are	  more	  reliable	  as	  the	  temperatures	  from	  the	  collector	  are	  known	  and	  have	  been	  
regulated.	  This	  higher	  maximum	  power	  reduces	  the	  daily	  electrical	  output	  difference	  between	  
both	   cell	   types	   but	   still	   does	   not	   compensate	   the	   fact	   that	   the	   one	   sixth	   cells	   perform	   at	  
maximum	  power	  during	  less	  time	  than	  the	  one	  third	  cells	  size.	  	  	  	  
5.2.5 Thermal	  Performance	  
Once	  the	  electrical	  performance	  of	  the	  collector	  has	  been	  characterized,	  it	  is	  now	  time	  to	  have	  
a	   look	   at	   its	   thermal	   part.	   Firstly,	   Figure	   5.10	   shows	   the	   thermal	   output	   parameters	   of	   the	  
collector.	  As	  the	  flow	  and	  the	  inlet	  temperature	  were	  regulated	  to	  be	  constant,	  both	  troughs	  
performed	  in	  the	  same	  way	  and	  thus	  the	  results	  shown	  will	  be	  only	  based	  in	  one	  trough.	  	  
	  
Figure	  5.10:	  Thermal	  output	  parameters	  (temperatures	  and	  flow	  on	  the	  left	  axis,	  power	  on	  the	  right	  
axis)	  on	  the	  May	  23rd	  2014	  (up	  left),	  the	  June	  2nd	  2014	  (up	  right)	  and	  the	  May	  29th	  2014	  (down	  left)	  at	  
the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
The	   area	   below	   the	   thermal	   power	   has	   been	   integrated	   to	   determine	   the	   heat	   energy	  
generation	   throughout	   the	   day	   for	   the	   three	   measuring	   days.	   On	   the	   23rd	   May	   2014,	   from	  
10am	  to	  6pm,	  the	  top	  trough	  generated	  3,2kWh.	  On	  the	  2nd	  June	  2014,	  from	  8am	  to	  6pm,	  the	  
top	   trough	   generated	   3,6kWh.	   On	   the	   29th	   May	   2014,	   from	   9am	   to	   6pm,	   the	   top	   trough	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generated	   1,4kWh.	   From	   1pm	   to	   6pm,	   the	   top	   trough	   generated	   1,8kWh	   on	   the	   23rd	   May	  
2014,	  1,8kWh	  on	  the	  2nd	  June	  2014	  and	  0,7kWh	  on	  the	  29th	  May	  2014.	  
Secondly,	  Figure	  5.11	  and	  Figure	  5.12	   illustrate	  the	  efficiency	  of	  the	  energy	  conversion	  of	  the	  
collector.	  	  Figure	  5.11	  shows	  the	  flux	  of	  power	  for	  the	  different	  measuring	  days.	  As	  it	  is	  shown,	  
the	   collector	   receives	   the	   global	   irradiance	   from	   the	   Sun	   and	   converts	   it	   into	   a	   total	   power	  
composed	  by	   thermal	   and	  electric	   power.	  Figure	  5.12	   illustrates	   the	  efficiency	   curves	  of	   the	  
collector.	   It	   is	   important	   to	   note	   that	   in	   this	   case	   the	   electrical	   efficiency	   shown	   has	   been	  
calculated	  by	  aperture	  area	  and	  not	  by	  effective	  cell	  area	  as	  before.	  
	  
Figure	  5.11:	  Power	  flux	  by	  area	  on	  the	  May	  23rd	  2014	  (up	  left),	  the	  June	  2nd	  2014	  (up	  right)	  and	  the	  May	  
29th	  2014	  (down	  left)	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	  
	  
Figure	  5.12:	  Efficiency	  curves	  on	  the	  May	  23rd	  2014	  (up	  left),	  the	  June	  2nd	  2014	  (up	  right)	  and	  the	  May	  
29th	  2014	  (down	  left)	  at	  the	  roof	  of	  the	  building	  Hall	  45	  of	  HiG,	  Gävle,	  Sweden.	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An	   important	   thing	   to	   note	   from	   these	   figures	   is	   to	   see	   how	   the	   thermal	   power	   varies	  
according	   to	   the	   irradiance.	   As	   it	   can	   be	   seen	   in	   Figure	   5.11,	   when	   the	   irradiance	   falls,	   for	  
example	  due	  to	  the	  appearance	  of	  a	  cloud,	  the	  thermal	  power	  drops	  due	  to	  a	  decrease	  in	  Tout.	  
But,	  this	  decrease	  in	  Tout	  is	  not	  at	  the	  exactly	  same	  time	  of	  the	  decrease	  in	  the	  irradiance	  as	  the	  
decrease	  in	  Tout	  is	  seen	  some	  seconds	  later	  than	  the	  decrease	  in	  the	  irradiance.	  This	  is	  due	  to	  
the	   inertia	   effect	   as	   the	   water	   needs	   some	   time	   to	   show	   the	   decrease	   in	   the	   incoming	  
irradiation.	  In	  addition,	  this	  inertia	  effect	  also	  implies	  that	  when	  the	  irradiation	  rises	  again	  the	  
water	  needs	  some	  more	  time	  to	  recover	  its	  old	  value	  and	  performance.	  
5.2.6 Estimation	  of	  the	  Heat	  Loss	  Coefficients	  of	  the	  Collector	  
To	   perform	   this	   study	   the	   data	   selected	   corresponds	   to	   when	   the	   total	   efficiency	   and	   the	  
irradiance	   are	   stable	   and	   performing	   during	   the	  maximum	   power	   period.	   In	   this	   period,	   to	  
avoid	   high	   scattering	   of	   the	   values	   it	   has	   been	   selected	   an	   average	   value	   for	   every	   two	  
minutes.	  With	  these	  values,	  it	  has	  been	  made	  a	  graphic	  with	  the	  total	  efficiency	  in	  the	  vertical	  
axis	   and	   the	  ∆T/SC	   in	   the	  horizontal	   axis	   to	  estimate	   the	  U	  value	  and	   the	   total	  optical	  beam	  
efficiency	  of	   the	  collector.	  The	  U	  value	  corresponds	  to	   the	  slope	  of	   the	  curve	  while	   the	   total	  
optical	  beam	  efficiency	  corresponds	  to	  the	  point	  where	  ∆T/SC	  is	  zero	  as	  it	  can	  be	  deduced	  from	  
Equation	  5.20.	  	   𝑃!"#$% = 𝜂!! ∗ S! − U ∗ (!!"#!!!"! − 𝑇!"#)	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  (5.19)	  
By	  reordering	  Equation	  5.19:	  
!!"#$%!! = 𝜂!"#$% = 𝜂!! − U ∗ (!!"#!!!"! !!!"#)!! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.20)	  
	  
Figure	  5.13:	  Total	  efficiency	  curve	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
Parameter	   Value	   Unit	  
Total	  optical	  beam	  efficiency	   75,5	   %	  
U	  value	   7,8	   W/(m2*K)	  
Table	  5.6:	  Thermal	  efficiency	  parameters	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	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An	  additional	  model	  has	  been	  made	  to	  check	  and	  correct	  these	  results.	  When	  measuring	  at	  ∆T	  
=	  2ºC	  (the	  23rd	  May	  2014)	  there	  was	  high	  diffuse	  irradiation	  and	  thus	  its	  values	  are	  lower	  than	  
expected.	  Thus,	  the	  following	  calculations	  will	  be	  made	  to	  correct	  this.	  Since	  the	  total	  power	  
measured	  should	  be:	  𝑃!"#$% = 𝜂!! ∗ S! + 𝜂!!,!"##$%& ∗ S! − U ∗ (!!"#!!!"! − 𝑇!"#)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.21)	  
A	  new	  graph	  could	  be	  made	  to	  estimate	  the	  U	  value	  and	  the	  total	  optical	  beam	  efficiency	  of	  
the	  collector	  by	  reordering	  Equation	  5.21	  as	  follows:	  
!!"#$%!!!!,!"##$%&∗!!!! = 𝜂!! − U ∗ (!!"#!!!"! !!!"#)!! 	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.22)	  
Where	  the	  𝜂!!,!"##$%& 	  has	  been	  calculated	  as:	  𝜂!!,!"##$%& = !!!!"! = !!!!,! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.23)	  
The	  results	  are	  a	  𝜂!!,!"##$%& 	   (total	  optical	  diffuse	  efficiency)	  of	  50%	  and	  are	  shown	  at	  Figure	  
5.14.	  
	  
Figure	  5.14:	  Total	  efficiency	  curve	  by	  using	  the	  beam	  irradiation	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
Parameter	   Value	   Unit	  
Total	  optical	  beam	  efficiency	   74,5	   %	  
U	  value	   6,8	   W/(m2*K)	  
Table	  5.7:	  Thermal	  efficiency	  parameters	  by	  using	  the	  beam	  irradiation	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
The	  results	  shown	  at	  Table	  5.7	  are	  in	  accordance	  with	  previous	  tests	  performed	  by	  Solarus	  AB	  
and	  thus	  are	  believed	  to	  be	  reliable.	  The	  U	  value	  is	  high	  but	  since	  the	  collector	  is	  designed	  to	  
run	   at	   low	   temperatures	   its	   effects	   are	   not	   so	   negatives	   for	   Solarus	   AB.	   Finally,	   Figure	   5.15	  
includes	  also	  the	  thermal	  efficiency	  (calculated	  with	  Equation	  5.24)	  and	  the	  electrical	  efficiency	  
by	  aperture	  area	  of	  the	  collector.	   It	  can	  be	  seen	  that	  the	  electrical	  efficiency	  has	  a	   low	  slope	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but	  still	  slowly	  decreases	  with	  the	  temperature.	  This	  means	  that	  PV	  modules	  have	  a	  very	  much	  
lower	  dependence	  with	  the	  temperature	  than	  T	  collectors.	   In	  other	  words,	   in	  a	  cloudy	  day	  a	  
thermal	   collector	  would	  not	   be	   able	   to	   produce	  heat	  while	   a	   PV	  module	  would	  maintain	   its	  
efficiency	   at	   similar	   values	   as	   in	   sunnier	   days.	   The	   thermal	   optical	   beam	   efficiency	   of	   the	  
collector	  is	  63,5%.	  
By	  using	  the	  thermal	  power	  instead	  of	  the	  total	  power:	  
(!!"#$%!!!")!!!!,!"##$%&∗!!!! = 𝜂!! − U ∗ (!!"#!!!"! !!!"#)!! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (5.24)	  
The	  thermal	  optical	  diffuse	  efficiency	  obtained	  is	  43%	  by	  using	  Equation	  5.23.	  
	  
Figure	  5.15:	  Efficiency	  curves	  by	  aperture	  area	  for	  beam	  irradiance	  by	  using	  the	  theoretical	  model	  of	  the	  
Solarus	  AB	  hybrid	  PV/T	  collector.	  
Parameter	   Value	   Unit	  
Thermal	  Optical	  beam	  efficiency	   63,5	   %	  
Total	  Optical	  beam	  efficiency	   74,5	   %	  
U	  value	   6,8	   W/(m2*K)	  
Table	  5.8:	  Thermal	  efficiency	  parameters	  by	  using	  the	  beam	  irradiation	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector.	  
5.2.7 Performance	  during	  Testing	  Summary	  
Table	   5.9	   summarizes	   the	   performance	   factors	   obtained	   for	   one	   trough	   (except	   for	   the	  
estimated	  peak	  power	  at	  STC)	  for	  the	  June	  2nd	  2014.	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Parameter	   Value	   Uncertainty	   Unit	  
Maximum	  Electrical	  Power	  (at	  1.049W/m2	  and	  25ºC)	   111,50	   ±0,03	   W	  
Maximum	  Power	  Point	  Voltage	   18,67	   ±0,004	   V	  
Maximum	  Power	  Point	  Current	   5,98	   ±0,001	   A	  
Maximum	  Power	  Point	  Fill	  Factor	   75,30	   ±0,03	   %	  
Maximum	  Open	  Circuit	  Voltage	   22,90	   ±0,004	   V	  
Maximum	  Short	  Circuit	  Current	   12,93	   ±0,001	   A	  
Estimated	  Peak	  Power	  at	  STC	  	   215	   ±7,5	   W	  
Best	  Effective	  Cell	  Area	  Electrical	  Efficiency	   12,7	   ±0,3	   %	  
Daily	  Average	  Effective	  Cell	  Area	  Electrical	  Efficiency	  
for	  the	  Bottom	  Trough	  (one	  third	  size	  cells)	  
9,1	   ±1,3	   %	  
Daily	  Average	  Effective	  Cell	  Area	  Electrical	  Efficiency	  
for	  the	  Top	  Trough	  (one	  sixth	  size	  cells)	  
8,9	   ±1,2	   %	  
Best	  Electrical	  Power	  Density	   112	   ±1,2	   W/m2	  
Maximum	  Thermal	  Power	  (with	  a	  ∆T	  of	  15ºC)	   559	   ±17	   W	  
Maximum	  Thermal	  Efficiency	  (with	  a	  ∆T	  of	  15ºC)	   55	   ±3	   %	  
Maximum	  Thermal	  Power	  Density	  (with	  a	  ∆T	  of	  15ºC)	   558	   ±17	   W/m2	  
Peak	  Combined	  Power	  (with	  a	  ∆T	  of	  15ºC)	   663	   ±17	   W	  
Peak	  Combined	  Efficiency	  (with	  a	  ∆T	  of	  15ºC)	   64	   ±3	   %	  
Peak	  Combined	  Power	  Density	  (with	  a	  ∆T	  of	  15ºC)	   662	   ±17	   W/m2	  
Thermal	  Optical	  Beam	  Efficiency	   63,5	   	   %	  
Total	  Optical	  Beam	  Efficiency	   74,5	   	   %	  
U	  value	   6,8	   	   W/(m2*K)	  
Table	  5.9:	  Performance	  factors	  summary	  tested	  results	  on	  the	  June	  2nd	  2014	  of	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  
5.3 Discussion	  
In	  first	  place,	  during	  this	  section	  the	  electrical	  results	  of	  the	  collector	  have	  been	  compared	  to	  
the	   ones	   obtained	   in	   Section	   4.	   In	   this	   respect,	   at	   the	  maximum	  power	   period,	   the	   average	  
efficiency	   of	   both	   troughs	   obtained	   is	   lower	   than	   the	   one	   of	   Section	   4.	   An	   average	   value	   of	  
11,8%	   for	   the	   bottom	   trough	   and	   12,6%	   for	   the	   top	   trough	   has	   been	   obtained	   for	   the	  
maximum	  power	  period.	  The	  daily	  electrical	  efficiency	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  
obtained	   is	  also	   lower	   than	   the	  one	  obtained	   in	  Section	  4	   at	  a	  value	  of	  9,1%	   for	   the	  bottom	  
trough	  (one	  third	  size	  cells)	  and	  8,9%	  for	  the	  top	  trough	  (one	  sixth	  size	  cells).	  About	  the	  peak	  
power	  of	  the	  collector	  at	  STC,	  in	  this	  section	  the	  value	  obtained	  is	  215W	  in	  comparison	  to	  the	  
230W	  value	  obtained	  in	  Section	  4.	  An	  average	  value	  of	  220W	  is	  considered	  as	  the	  final	  result.	  
Regarding	   the	   comparison	   between	   the	   front	   and	   the	   reflector	   side	   of	   the	   troughs,	   the	  
conclusions	   achieved	   are	   the	   same	   as	   the	   ones	   of	   Section	   4	   and	   determine	   that	   Solarus	   AB	  
should	   improve	   its	  design	   in	  order	   to	  decrease	   the	   shading	  effects	   so	   that	   the	   reflector	   side	  
improves	   its	   performance;	   as	   currently	   the	   front	   side	   of	   the	   collector	   generates	   more	  
electricity	   throughout	  the	  day.	  Finally,	  about	   the	  comparison	  between	  the	  two	  cell	   sizes,	   the	  
maximum	  power	  obtained	  by	  the	  one	  sixth	  cells	  size	  has	  now	  been	  higher	  than	  the	  one	  of	  the	  
one	  third	  cells	  size,	  situation	  that	  did	  not	  occur	  in	  Section	  4.	  It	  is	  believed	  that	  the	  results	  from	  
Section	  5	  are	  more	  reliable	  as	  the	  temperatures	  from	  the	  collector	  are	  known	  and	  have	  been	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regulated.	  This	  higher	  maximum	  power	  reduces	  the	  daily	  electrical	  output	  difference	  between	  
both	   cell	   types	   but	   still	   does	   not	   compensate	   the	   fact	   that	   the	   one	   sixth	   cells	   perform	   at	  
maximum	  power	  during	  a	  shorter	  period	  than	  the	  one	  third	  cells	  size.	  As	  a	  result,	  as	  well	  as	  in	  
Section	  4,	  it	  is	  recommended	  to	  Solarus	  AB	  to	  use	  the	  one	  third	  cells	  size.	  In	  addition	  to	  their	  
better	  performance,	  they	  are	  cheaper	  and	  easier	  to	  manufacture.	  	  
Secondly,	  the	  thermal	  performance	  of	  the	  collector	  has	  been	  characterized.	  By	  integrating	  the	  
area	   below	   the	   curve	   of	   the	   thermal	   power,	   it	   has	   been	   seen	   that	   the	   total	   thermal	   energy	  
generated	  by	  the	  collector	  from	  8am	  to	  6pm	  with	  a	  ∆T	  of	  15ºC	  has	  been	  3,6kWh.	  Also,	  with	  a	  
∆T	  of	  15ºC	  it	  has	  been	  obtained	  a	  maximum	  thermal	  power	  of	  559W	  and	  a	  maximum	  thermal	  
efficiency	  of	  55%.	   In	  addition,	  by	  not	  subtracting	  the	  electrical	  measurements	  to	  the	  thermal	  
ones,	  this	  is,	  considering	  the	  total	  power	  of	  the	  collector,	  the	  maximum	  total	  power	  achieved	  
by	  the	  collector	  has	  been	  of	  663W	  and	  its	  maximum	  combined	  efficiency	  has	  been	  of	  64%	  with	  
a	  ∆T	  of	  15ºC.	  The	  previous	  values	  presented	  correspond	  to	  the	  2nd	  June	  2014.	  Finally,	  thanks	  to	  
have	  measured	  the	  performance	  of	  the	  collector	  at	  the	  three	  different	  ∆T,	  the	  thermal	  losses	  
of	   the	   collector	   have	   been	   estimated.	   It	   has	   been	   obtained	   a	   U	   value	   of	   6,8W/(m2*K),	   a	  
thermal	  optical	  beam	  efficiency	  of	  63,5%	  and	  a	   total	  optical	  beam	  efficiency	  of	  74,5%	  which	  
are	  in	  accordance	  with	  previous	  studies	  performed	  by	  Solarus	  AB.	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6-­‐ Study	  of	  the	  Optimal	  Price	  of	  the	  Solarus	  AB	  Hybrid	  PV/T	  
Collector	  
As	  previously	  announced,	  one	  of	  the	  main	  objectives	  of	  this	  thesis	  is	  to	  determine	  the	  optimal	  
price	   of	   the	   Solarus	   AB	   hybrid	   PV/T	   collector.	   One	   of	   the	   main	   advantages	   of	   hybrid	   PV/T	  
collectors	  is	  that	  their	  production	  should	  be	  cheaper	  than	  photovoltaic	  and	  thermal	  collectors.	  
The	  optimal	  price	  obtained	  in	  this	  study	  will	  be	  thus	  based	  in	  the	  current	  market	  prices	  of	  PV	  
and	   T	   collectors.	   Firstly,	   simulations	   will	   be	   made	   with	   Winsun	   in	   order	   to	   determine	   the	  
annual	  production	  of	  electricity	  and	  heat	  of	  different	  PV	  and	  T	  collectors	  in	  different	  locations.	  
This	   is	   described	   in	   Section	   6.1.	   Secondly,	   a	  market	   study	  will	   be	   performed	   to	   calculate	   an	  
average	  end-­‐customer	  price	  of	  PV	  and	  T	  collectors.	  Thirdly,	  an	  average	  €/(kWh/year)	  value	  will	  
be	  calculated	  for	  each	  type	  of	  technology	  and	  location.	  PV	  and	  T	  collectors	  will	  be	  combined	  to	  
make	  the	  comparison	  feasible	  with	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  Finally,	  a	  conclusion	  
will	  be	  made	  by	  replacing	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  energy	  generation	  by	  PV	  and	  T	  
collectors	  and	  thus	  an	  optimal	  end	  customer	  price	  will	  be	  obtained.	  
6.1 Simulations	  of	  the	  Annual	  Production	  of	  PV	  and	  T	  Collectors	  
6.1.1 Methodology	  
As	  said,	  Winsun	   is	  going	   to	  be	  used	  to	  simulate	   the	  annual	  production	  of	  kWh/(m2*year)	   for	  
each	  different	  type	  of	  collector	  and	  for	  different	  climates	  or	  locations.	  	  
Firstly,	  a	  brief	  introduction	  on	  how	  Winsun	  works	  is	  going	  to	  be	  made.	  For	  a	  specific	  location,	  
Winsun	   takes	   into	   account	   the	   direct	   and	   diffuse	   irradiation	   for	   each	   hour	   of	   the	   year.	  
Depending	   on	   the	   collector	   parameters	   and	   its	   mean	   temperature,	   it	   calculates	   the	   annual	  
output	  of	  energy	  generated.	  It	  bases	  its	  calculations	  in	  Equation	  6.1	  and	  Equation	  6.2.	  	  𝑞 = 𝜂!!𝐾! 𝜃 𝐺! + 𝜂!!𝐾!"##$%&𝐺! − 𝑎! 𝑇! − 𝑇! − 𝑎!(𝑇! − 𝑇!)!                                    (6.1)	  𝑤ℎ𝑒𝑟𝑒                              𝐾! 𝜃 = 1 − 𝑏! !!"#$ − 1 ,𝑤ℎ𝑒𝑛  𝜃 ≤ 60	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6.2)	  
-­‐ 𝜂!!	  =	  optical	  efficiency	  for	  beam	  irradiance.	  
-­‐ 𝐾!"##$%&=	  incidence	  modifier	  for	  diffuse	  irradiance.	  
-­‐ 𝑎!=	  constant	  part	  of	  the	  overall	  heat	  loss	  coefficient	  [W/(m2*K)].	  
-­‐ 𝑎!=	  temperature	  dependent	  part	  of	  the	  overall	  heat	  loss	  coefficient	  [W/(m2*K2)].	  
-­‐ Gb	  =	  beam	  irradiance	  on	  the	  collector	  [W/m2].	  
-­‐ Gd	  =	  diffuse	  irradiance	  on	  the	  collector	  [W/m2].	  
-­‐ Tm	  =	  mean	  collector	  temperature	  [ºC].	  
-­‐ Ta	  =	  ambient	  temperature	  [ºC].	  
-­‐ 𝜃	  =	  angle	  of	  incidence	  [rad].	  
-­‐ 𝐾!=	  angle	  of	  incidence	  modifier.	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-­‐ 𝑏!=	  characteristic	  parameter	  in	  the	  angle	  of	  incidence	  modifier.	  
In	  brief,	  Winsun	  calculates	  this	  equations	  8760	  times	  (one	  for	  each	  hour	  of	  the	  year)	  in	  order	  
to	  obtain	  the	  electricity	  or	  heat	  generated	  by	  the	  collector	  chosen	  throughout	  one	  year.	  Once	  
presented	   how	  Winsun	   simulates	   the	   annual	   production	   of	   the	   chosen	   collector,	   there	   are	  
some	  parameters	  that	  need	  to	  be	  established.	  	  
6.1.1.1 Length	  of	  the	  Simulation	  
First	  of	  all,	  the	  length	  of	  the	  simulation	  chosen	  will	  be	  one	  year,	  starting	  on	  the	  first	  of	  January,	  
as	  it	  is	  desired	  to	  simulate	  the	  annual	  production	  of	  the	  different	  technologies.	  	  
6.1.1.2 Locations	  
Secondly,	   the	   locations	  have	   to	  be	   selected.	   For	   this	   study,	   three	   locations	  will	  be	   chosen	   in	  
order	  to	  perform	  the	  comparison	  for	  different	  climates.	  In	  this	  respect,	  for	  each	  type	  of	  solar	  
collector	  three	  simulations	  will	  have	  to	  be	  done,	  one	  for	  each	  climate.	  The	  three	  locations	  will	  
be	  selected	  as	   follows:	  one	  with	   latitude	  of	  around	  0º,	  one	  with	  more	  or	   less	  30º	  of	   latitude	  
and	   one	  with	   around	   60º	   of	   latitude.	   So,	   the	   three	   cities	   chosen	  will	   be	   Singapore	   (1,8º	   of	  
latitude),	  Valencia	  (39,5º	  of	  latitude)	  and	  Gävle	  (60,7º	  of	  latitude).	  
6.1.1.3 Orientation	  
Thirdly,	  the	  tracking	  mode	  should	  be	  “1	  -­‐	  fixed”	  as	  the	  Solarus	  AB	  hybrid	  PV/T	  modules	  are	  also	  
fixed,	  the	  ground	  reflectance	  “grace	  –	  0,2”	  and	  the	  azimuth	  of	  surface	  “0	  –	  South”.	  About	  the	  
slope	  of	  surface,	  a	  study	  will	  be	  made	  in	  order	  to	  determine	  which	  the	  optimal	  slope	  is	  for	  each	  
of	   the	   three	   selected	   locations.	   The	   study	  will	   be	  also	  made	  with	  Winsun	  and	  will	   consist	   in	  
simulating	   the	   annual	   production	   of	   a	   concrete	   type	   of	   collector	   with	   different	   slopes.	   The	  
slope	  that	  enables	  the	  maximum	  annual	  production	  will	  be	  the	  one	  selected	  for	  each	  location.	  
The	   selected	  module	  will	   be	   a	   photovoltaic	   “Solar	   Cell	   15,5%	  efficiency”.	   The	   parameters	   of	  
Winsun	  should	  be	  defined	  as	  shown	  in	  Figure	  6.1.	  
	  
Figure	  6.1:	  Winsun’s	  input	  parameters	  for	  defining	  the	  optimal	  slope	  of	  surface.	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As	  said,	  different	  simulations	  will	  be	  made	  for	  different	  slope	  of	  surface	  angles	  from	  0º	  to	  90º	  
for	   each	   of	   the	   three	   cities.	   The	   results	   from	  Winsun	   show	   the	   global	   irradiation,	   the	   direct	  
irradiation,	   the	   diffuse	   irradiation	   and	   the	   output	   for	   the	   production	   of	   the	   collector.	  
Nevertheless,	   in	   Table	   6.1	   and	   Figure	   6.2	   there	   has	   only	   been	   included	   the	   output	   of	   the	  
collector	  since	  it	  is	  the	  only	  relevant	  value	  for	  this	  study.	  
Slope	  [º]	  
Annual	  production	  [kWh/(m2*year)]	  
Singapore	   Valencia	   Gävle	  
0	   233	   229	   124	  
10	   231	   248	   138	  
20	   222	   260	   147	  
30	   208	   264	   153	  
40	   189	   261	   155	  
50	   166	   250	   153	  
60	   141	   233	   146	  
70	   117	   209	   136	  
80	   94	   180	   123	  
90	   73	   146	   106	  
Table	  6.1:	  Optimal	  slope	  of	  surface’s	  study:	  results.	  
	  
Figure	  6.2:	  Optimal	  slope	  of	  surface’s	  study:	  results.	  
Table	  6.1	  and	  Figure	  6.2	  show	  that	  the	  optimal	  slope	  for	  the	  different	  cities	  is	  as	  follows:	  0º	  for	  
Singapore,	  30º	  for	  Valencia	  and	  40º	  for	  Gävle.	  
6.1.1.4 Collector	  Types	  
Fourthly,	   the	   photovoltaic	   and	   thermal	   collector	   types	   that	   will	   be	   simulated	   have	   to	   be	  
chosen.	  Regarding	  the	  PV	  modules,	  two	  will	  be	  selected:	  	  “Solar	  Cell	  14%	  efficiency”	  and	  “Solar	  
Cell	   15,5%	   efficiency”.	   About	   the	   thermal	   collectors,	   a	   standard	   flat	   plate	   and	   vacuum	   tube	  
collector	   will	   be	   used.	   A	   research	   has	   been	   made	   to	   determine	   which	   should	   be	   the	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parameters	  of	  a	  standard	  flat	  plate	  and	  a	  standard	  vacuum	  tube.	  A	  list	  of	  flat	  plate	  and	  another	  
of	   vacuum	   tube	   collectors	   with	   their	   respective	  𝜂!! , 𝑎!𝑎𝑛𝑑  𝑎!	   has	   been	  made	   and	   then	   an	  
average	  value	  has	  been	  calculated	  for	  each	  of	  these	  parameters.	  These	  average	  values	  will	  be	  
the	   ones	   used	   in	  Winsun	   to	   simulate	   the	   annual	   production	   of	   a	   standard	   flat	   plate	   and	   a	  
standard	  vacuum	  tube.	  It	  is	  also	  important	  to	  say	  that	  all	  the	  collectors	  selected	  in	  the	  list	  have	  
been	  tested	  with	  the	  European	  Union	  standard	  test	  procedure	  EN	  12975.	  	  
The	  complete	  lists	  can	  be	  found	  in	  the	  Section	  Appendix	  (Table	  A.1	  and	  Table	  A.2).	  In	  Table	  6.2	  
the	  final	  average	  values	  are	  shown.	  These	  values	  have	  been	  selected	  by	  aperture	  area	  as	  it	  is	  
the	  standard	  procedure	  in	  European	  countries,	  EN	  12975-­‐2.	  The	  aperture	  area	  is	  defined	  as	  the	  
area	   in	  which	   solar	   radiation	   enters	   the	   collector.	   It	   is	   thus	   smaller	   than	   the	   gross	   area,	   the	  
area	  based	  on	  the	  outer	  dimensions	  of	  the	  collector,	  and	  a	  bit	  bigger	  than	  the	  absorber	  area,	  
defined	  as	  the	  area	  of	  the	  absorber.	  	  	  	  
APERTURE	  AREA	  
Collector	  type	   Eta0	   U1	  [W/(m²*K)]	   U2	  [W/(m²*K²)]	  
Flat	  plate	   0,79	   3,88	   0,008	  
Vacuum	  tube	   0,74	   1,47	   0,003	  
Table	  6.2:	  Average	  parameters	  for	  standard	  flat	  plate	  and	  vacuum	  tube	  collectors.	  Source:	  [SPF,	  2014].	  
6.1.1.5 Average	  Operating	  Temperatures	  
Finally,	  about	   the	  average	  operating	   temperatures,	   the	  suggested	  ones	  are	  40ºC,	  50ºC,	  60ºC	  
and	  80ºC.	  
6.1.1.6 Input	  Parameters	  Summary	  
To	  sum	  it	  up,	  Figure	  6.3	  shows	  how	  the	  Winsun	  parameters	  have	  to	  be	  defined.	  As	  said,	  four	  
different	  types	  of	  collectors	  will	  be	  simulated	  in	  three	  different	  cities,	  where	  each	  city	  has	  its	  
respective	  optimal	  slope.	  
	  
Figure	  6.3:	  Winsun’s	  input	  parameters	  for	  obtaining	  the	  annual	  production	  of	  different	  collectors.	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6.1.2 Results	  and	  Discussion	  
The	   complete	   results	   of	   the	   simulations	   are	   shown	   in	   the	   Section	   Appendix.	   Table	   6.3	   and	  
Figure	  6.4	  illustrate	  the	  annual	  output	  of	  the	  different	  technologies	  for	  the	  three	  locations.	  
	  
Gävle	   Singapore	   Valencia	  
Global	  Irradiation	  	  [kWh/(m2*year)]	   1081	   1631	   1840	  
Beam	  Irradiation	  	  [kWh/(m2*year)]	   627	   697	   1142	  
Diffuse	  Irradiation	  	  [kWh/(m2*year)]	   448	   934	   677	  
Output	  PV	  14%	  [kWh/(m2*year)]	   140	   211	   238	  
Output	  PV	  15,5%	  [kWh/(m2*year)]	   153	   233	   264	  
Output	  Flat	  Plate	  80ºC	  [kWh/(m2*year)]	   198	   474	   525	  
Output	  Flat	  Plate	  60ºC	  [kWh/(m2*year)]	   311	   706	   755	  
Output	  Flat	  Plate	  50ºC	  [kWh/(m2*year)]	   379	   839	   883	  
Output	  Flat	  Plate	  40ºC	  [kWh/(m2*year)]	   457	   980	   1017	  
Output	  Vacuum	  Tube	  80ºC	  [kWh/(m2*year)]	   423	   795	   893	  
Output	  Vacuum	  tube	  60ºC	  [kWh/(m2*year)]	   501	   914	   1012	  
Output	  Vacuum	  tube	  50ºC	  [kWh/(m2*year)]	   543	   975	   1073	  
Output	  Vacuum	  tube	  40ºC	  [kWh/(m2*year)]	   587	   1037	   1134	  
Table	  6.3:	  Comparison	  of	  the	  annual	  output	  for	  each	  type	  of	  collector	  and	  location.	  
	  
Figure	  6.4:	  Comparison	  of	  the	  annual	  output	  for	  each	  type	  of	  collector	  and	  location.	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The	   points	   in	   the	   left	   side	   of	   Figure	   6.4	   correspond	   to	   Gävle,	   the	   points	   in	   the	   middle	   to	  
Singapore	   and	   the	   points	   in	   the	   right	   side	   to	   Valencia.	   One	   interesting	   conclusion	   can	   be	  
extracted	  from	  it.	  As	  the	  solar	  global	   irradiation	   increases,	   the	  annual	  output	  of	  photovoltaic	  
and	  thermal	  collectors	   increases	   too.	  Nevertheless,	   it	   should	  be	  highlighted	  that	   thought	   the	  
output	  of	  photovoltaic	  modules	   is	  proportional	   to	   solar	   irradiation,	   for	   thermal	   collectors	   its	  
output	  increases	  more	  than	  proportionally	  with	  global	  irradiation.	  	  
All	   the	   different	   combinations	   that	   can	   be	   made	   to	   compare	   the	   Solarus	   AB	   hybrid	   PV/T	  
collector	  with	  photovoltaic	  and	  thermal	  collectors	  are	  shown	  in	  Table	  6.4.	  
	  	   Gävle	   Singapore	   Valencia	  
	  	  
Electrical	  
output	  
[kWhe/(m
2*
year)]	  
Thermal	  
output	  
[kWht/(m
2*
year)]	  
Electrical	  
output	  
[kWhe/(m
2*
year)]	  
Thermal	  
output	  
[kWht/(m
2*
year)]	  
Electrical	  
output	  
[kWhe/(m
2*
year)]	  
Thermal	  
output	  
[kWht/(m
2*
year)]	  
PV	  14%	  +	  Flat	  Plate	  80ºC	   140	   198	   211	   474	   238	   525	  
PV	  14%	  +	  Flat	  Plate	  60ºC	   140	   311	   211	   706	   238	   755	  
PV	  14%	  +	  Flat	  Plate	  50ºC	   140	   379	   211	   839	   238	   883	  
PV	  14%	  +	  Flat	  Plate	  40ºC	   140	   457	   211	   980	   238	   1.017	  
PV	  14%	  +	  Vacuum	  tube	  
80ºC	   140	   423	   211	   795	   238	   893	  
PV	  14%	  +	  Vacuum	  tube	  
60ºC	   140	   501	   211	   914	   238	   1.012	  
PV	  14%	  +	  Vacuum	  tube	  
50ºC	   140	   543	   211	   975	   238	   1.073	  
PV	  14%	  +	  Vacuum	  tube	  
40ºC	   140	   587	   211	   1.037	   238	   1.134	  
PV	  15,5%	  +	  Flat	  Plate	  
80ºC	   153	   198	   233	   474	   264	   525	  
PV	  15,5%	  +	  Flat	  Plate	  
60ºC	   153	   311	   233	   706	   264	   755	  
PV	  15,5%	  +	  Flat	  Plate	  
50ºC	   153	   379	   233	   839	   264	   883	  
PV	  15,5%	  +	  Flat	  Plate	  
40ºC	   153	   457	   233	   980	   264	   1017	  
PV	  15,5%	  +	  Vacuum	  tube	  
80ºC	   153	   423	   233	   795	   264	   893	  
PV	  15,5%	  +	  Vacuum	  tube	  
60ºC	   153	   501	   233	   914	   264	   1012	  
PV	  15,5%	  +	  Vacuum	  tube	  
50ºC	   153	   543	   233	   975	   264	   1073	  
PV	  15,5%	  +	  Vacuum	  tube	  
40ºC	   153	   587	   233	   1.037	   264	   1134	  
Table	  6.4:	  Combinations	  of	  PV	  and	  T	  collectors.	  
	  70	  
	  
6.2 PV	  and	  T	  End-­‐Customer	  Price	  Market	  Study	  
6.2.1 Methodology	  
As	  previously	  said,	  it	  is	  now	  time	  to	  have	  a	  look	  at	  the	  current	  end-­‐customer	  prices	  of	  PV	  and	  T	  
collectors.	  To	  do	  so,	  different	  enterprises	  that	  produce	  and/or	  distribute	  solar	  collectors	  will	  be	  
contacted	   to	   find	   out	   their	   end-­‐customer	   selling	   prices.	   In	   this	   respect,	   a	   data	   base	   will	   be	  
created	   were	   all	   the	   important	   factors	   of	   the	   collectors	   will	   be	   compiled.	   The	   data	   base	  
obtained	   is	  shown	   in	  the	  Section	  Appendix	  at	  Table	  A.12	  and	  Table	  A.13.	  To	  elaborate	   it,	   the	  
following	  suppositions	  have	  been	  made:	  
-­‐ In	   some	  of	   the	   flat	  plate	   collectors	   found,	   the	   company	  gives	   the	   total	   area	  and	   the	  
absorption	  area	  but	  not	  the	  aperture	  area.	  As	  the	  aim	  of	  this	  study	  is	  to	  determine	  a	  
€/m2	  of	   aperture	  area	  price,	   the	  aperture	  area	  has	  been	   supposed	  and	  calculated	  as	  
absorption	  area	  plus	  0,03m2.	  
-­‐ All	  the	  conclusions	  will	  be	  based	  on	  the	  Euro	  as	  a	  currency.	  When	  the	  company	  gives	  
the	  price	   in	  a	  different	  currency,	   it	  will	  be	  converted	  to	  Euros	  based	  on	  the	  currency	  
exchange	  rate	  of	  the	  day	  03/04/2014.	  
-­‐ PV	   modules	   have	   been	   divided	   into	   two	   groups:	   one	   with	   an	   efficiency	   between	  
13,25%	  and	  14,75%	  and	  the	  other	  with	  an	  efficiency	  between	  14,75%	  and	  16,25%.	  The	  
first	   group	  will	   be	   assumed	   as	   corresponding	   to	   PV	   14%	   and	   the	   second	   one	   to	   PV	  
15,5%	  in	  order	  to	  relate	  the	  results	  with	  the	  ones	  obtained	  with	  the	  simulations	  from	  
Winsun	  described	  at	  Section	  6.1.	  
-­‐ Most	  of	   the	  PV	  modules	   found	  did	  not	   include	   their	   efficiency	   in	   their	   catalogues.	   It	  
has	  been	  calculated	  with	  Equation	  6.3,	  with	  the	  Wp	   in	  kilowatts	  and	  the	  total	  area	   in	  
m2.	   𝜂! % = !!  (!")!!"#$%(!!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6.3)	  
6.2.2 Results	  and	  Discussion	  
The	  program	  R-­‐commander	  has	  been	  used	  to	  manipulate	   this	  data	  and	  extract	   the	   following	  
figures	  and	  results.	  Figure	  6.5	  and	  Figure	  6.7	  show	  in	  a	  sequential	  graph	  all	  the	  values	  included	  
in	  the	  database	  for	  price	  per	  aperture	  area	  (€/m2)	  for	  the	  different	  types	  of	  collectors.	  Figure	  
6.6	  and	  Figure	  6.8	  show	  a	  box	  diagram	  and	  a	  dot	  diagram	  of	  the	  different	  types	  of	  collectors.	  
These	  graphics	  show	  visually	  the	  deviation	  of	  the	  values.	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Figure	  6.5:	  On	  the	  left	  side,	  flat	  plate	  collector	  sequential	  graphic	  of	  price	  per	  aperture	  area	  [€/m2].	  On	  
the	  right	  side,	  vacuum	  tube	  collector	  sequential	  graphic	  of	  price	  per	  aperture	  area	  [€/m2].	  
	  
Figure	  6.6:	  On	  the	  left	  side,	  box	  diagram	  for	  T	  collectors	  of	  price	  per	  aperture	  area	  [€/m2].	  On	  the	  right	  
side,	  dot	  diagram	  for	  T	  collectors	  of	  price	  per	  aperture	  area	  [€/m2].	  	  
	  
Figure	  6.7:	  On	  the	  left	  side,	  PV	  modules	  with	  an	  efficiency	  higher	  than	  13,25%	  and	  lower	  than	  14,75%	  
sequential	  graphic	  of	  price	  per	  aperture	  area	  [€/m2].	  On	  the	  right	  side,	  PV	  modules	  with	  an	  efficiency	  
higher	  than	  14,75%	  and	  lower	  than	  16,25%	  sequential	  graphic	  of	  price	  per	  aperture	  area	  [€/m2].	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Figure	  6.8:	  On	  the	  left	  side,	  box	  diagram	  for	  PV	  modules	  of	  price	  per	  aperture	  area	  [€/m2].	  On	  the	  right	  
side,	  dot	  diagram	  for	  PV	  modules	  of	  price	  per	  aperture	  area	  [€/m2].	  
	  
Flat	  plate	   Vacuum	  tube	   PV	  14%	   PV	  15,5%	  
Number	  of	  observations	   57	   31	   30	   36	  
Mean	  [€/m2]	   255	   639	   163	   175	  
Standard	  deviation	  [€/m2]	   85	   340	   29	   35	  
Standard	  deviation	  of	  the	  mean	  [€/m2]	   11	   61	   5	   6	  
Variation	  coefficient	   33,25%	   53,22%	   17,85%	   19,77%	  
Minimum	  value	  [€/m2]	   126	   164	   38	   37	  
Quartile	  1	  (Q1)	  [€/m2]	   182	   382	   78	   122	  
Median	  [€/m2]	   255	   483	   148	   154	  
Quartile	  3	  (Q3)	  [€/m2]	   285	   1010	   171	   169	  
Maximum	  value	  [€/m2]	   520	   1194	   186	   190	  
IQR	  (Q1	  -­‐	  Q3)	  [€/m2]	   103	   628	   200	   261	  
Table	  6.5:	  Statistic	  values	  for	  the	  different	  types	  of	  collectors.	  
Table	  6.5	  shows	  a	  summary	  of	  the	  main	  statistic	  values	  for	  each	  type	  of	  collector.	  The	  variation	  
coefficient	   gives	   a	   measure	   of	   how	   high	   is	   the	   variation	   of	   the	   data.	   In	   this	   respect,	  
photovoltaic	   modules	   have	   a	   variation	   coefficient	   lower	   than	   20%	   which	   means	   that	   their	  
variation	   can	   be	   considered	   as	   acceptable.	   On	   the	   other	   hand,	   flat	   plate	   and	   vacuum	   tube	  
collectors	   have	   a	   much	   higher	   variation	   coefficient.	   About	   the	   flat	   plate	   collectors,	   their	  
variation	  coefficient	  is	  high	  but	  it	  can	  be	  justified	  as	  the	  collectors	  chosen	  are	  of	  very	  different	  
companies	   and	   regions.	   So,	   for	   example,	   Chinese	   companies	   usually	   sell	   their	   collectors	   at	  
really	   low	  prices	  while,	   in	   the	  opposite	  situation,	  Swedish	  companies	  usually	  sell	  high	  quality	  
products	   at	   higher	   prices.	   For	   what	   vacuum	   tube	   collectors	   respect,	   their	   variation	   is	   a	   bit	  
higher	   than	  50%.	  This	  means	   than	   the	   variation	  of	   the	   values	  of	   this	   type	  of	   collector	   is	   too	  
high	  and	  thus	  their	  mean	  would	  not	  lead	  to	  valid	  conclusions.	  For	  this	  reason,	  the	  vacuum	  tube	  
collector	  data	  will	  be	  subdivided	  into	  two	  groups:	  one	  for	  Swedish	  and	  British	  companies	  which	  
sell	   high	   quality	   products	   (Group	  A)	   and	   the	   other	   group	   for	   the	   rest	   (Group	  B).	   The	   results	  
obtained	  are	  as	  follows.	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Figure	  6.9:	  On	  the	  left	  side,	  vacuum	  tube	  Group	  A	  collector	  sequential	  graphic	  of	  price	  per	  aperture	  area	  
[€/m2].	  On	  the	  right	  side,	  vacuum	  tube	  Group	  B	  collector	  sequential	  graphic	  of	  price	  per	  aperture	  area	  
€/m2].	  	  
	  
Figure	  6.10:	  On	  the	  left	  side,	  box	  diagram	  for	  vacuum	  tube	  collectors	  of	  price	  per	  aperture	  area	  [€/m2].	  
On	  the	  right	  side,	  dot	  diagram	  for	  vacuum	  tube	  collectors	  of	  price	  per	  aperture	  area	  [€/m2].	  
	  
Group	  A	   Group	  B	  
Number	  of	  values	   13	   18	  
Mean	  [€/m2]	   1007	   373	  
Standard	  deviation	  [€/m2]	   1001	   137	  
Standard	  deviation	  of	  the	  mean	  [€/m2]	   28	   32	  
Variation	  coefficient	   10,01%	   36,67%	  
Minimum	  value	  [€/m2]	   143	   205	  
Quartile	  1	  (Q1)	  [€/m2]	   808	   164	  
Median	  [€/m2]	   920	   252	  
Quartile	  3	  (Q3)	  [€/m2]	   1036	   396	  
Maximum	  value	  [€/m2]	   1063	   457	  
IQR	  (Q1	  -­‐	  Q3)	  [€/m2]	   1194	   698	  
Table	  6.6:	  Statistic	  values	  for	  vacuum	  tube	  collectors.	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As	   it	   can	   be	   seen	   in	   Table	   6.6,	   Group	   A	   is	   a	   very	   homogeneous	   group	  with	   a	   low	   variation	  
coefficient	  of	  10,01%.	  This	  looks	  reasonable	  as	  it	  is	  composed	  by	  a	  specific	  type	  of	  companies	  
which	   sell	   high	   quality	   products.	   In	   the	   other	   hand,	   Group	   B	   has	   a	   higher	   variation	   with	   a	  
variation	   coefficient	   of	   36,67%.	   This	   group	   is	   composed	   by	   the	   other	   vacuum	   tubes	   of	   the	  
database.	  Thus,	  it	  includes	  a	  higher	  range	  of	  vacuum	  tube	  types	  going	  from	  low-­‐cost	  products	  
to	  middle	  quality	  ones.	  
As	   a	   result,	  Table	   6.7	   summarizes	   the	   end-­‐customer	   price	   obtained	  with	   this	   study	   for	   each	  
type	  of	  collector.	  Firstly,	  it	  can	  be	  seen	  that	  PV	  14%	  have	  a	  slightly	  lower	  cost	  per	  aperture	  area	  
than	  PV	  15,5%.	  Secondly,	  it	  also	  shows	  that	  thermal	  collectors	  have	  higher	  prices	  per	  aperture	  
area	  than	  photovoltaic	  modules.	  Thirdly,	   it	   is	  visible	  that	  vacuum	  tube	  collectors	  have	  higher	  
prices	   than	   flat	   plate	   collectors.	   Finally,	   it	   can	   also	   be	   seen	   that	   the	   vacuum	   tube	   collectors	  
from	  group	  A	  have	  a	  very	  much	  higher	  price	  per	  aperture	  area	  than	  group	  B,	  which	  has	  a	  more	  
reasonable	  and	  comparable	  price	  in	  relation	  with	  flat	  plate	  collectors.	  	  
	  
Mean	  [€/m2]	  
Standard	  deviation	  of	  
the	  mean	  [€/m2]	  
Flat	  plate	   255	   11	  
Vacuum	  tube	  Group	  A	   1007	   12	  
Vacuum	  tube	  Group	  B	   373	   6	  
PV	  14%	   163	   29	  
PV	  15,5%	   175	   35	  
Table	  6.7:	  Average	  end-­‐customer	  price	  and	  standard	  deviation	  for	  the	  different	  collector	  types	  by	  
aperture	  area.	  
6.3 Discussion	  of	  the	  Optimal	  Price	  of	  the	  Solarus	  AB	  Hybrid	  PV/T	  Collector	  
An	  average	  end-­‐customer	  price	   for	   the	   collectors	  has	  now	  been	  determined	  as	  well	   as	   their	  
energy	  production	  throughout	  the	  year	  for	  different	  locations.	  It	  is	  now	  time	  to	  combine	  both	  
studies	  to	  obtain	  the	  prices	  in	  €/kWh	  for	  the	  different	  technologies	  and	  locations.	  This	  will	  be	  
made	  by	  combining	  Table	  6.4	  and	  Table	  6.7	  using	  Equation	  6.4.	  It	  is	  also	  important	  to	  say	  that	  
the	  propagation	  of	  the	  uncertainty	  will	  be	  calculated	  using	  Equation	  4.1	  and	  Equation	  4.2.	  𝑃𝑟𝑖𝑐𝑒 €!"!!"#$ = €!!( !"!!!∗!"#$) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6.4)	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[€/(kWh/year)]	  
Gävle	   Singapore	   Valencia	  
Mean	   Uncertainty	   Mean	   Uncertainty	   Mean	   Uncertainty	  
PV	  14%	   1,16	   ±0,21	   0,77	   ±0,14	   0,68	   ±0,12	  
PV	  15,5%	   1,14	   ±0,23	   0,75	   ±0,15	   0,66	   ±0,13	  
Flat	  Plate	  80ºC	   1,29	   ±0,06	   0,54	   ±0,02	   0,49	   ±0,02	  
Flat	  Plate	  60ºC	   0,82	   ±0,04	   0,36	   ±0,02	   0,34	   ±0,01	  
Flat	  Plate	  50ºC	   0,67	   ±0,03	   0,30	   ±0,01	   0,29	   ±0,01	  
Flat	  Plate	  40ºC	   0,56	   ±0,02	   0,26	   ±0,01	   0,25	   ±0,01	  
Vacuum	  tube	  Group	  A	  80ºC	   2,38	   ±0,03	   1,27	   ±0,01	   1,13	   ±0,01	  
Vacuum	  tube	  Group	  A	  60ºC	   2,01	   ±0,02	   1,10	   ±0,01	   1,00	   ±0,01	  
Vacuum	  tube	  Group	  A	  50ºC	   1,85	   ±0,02	   1,03	   ±0,01	   0,94	   ±0,01	  
Vacuum	  tube	  Group	  A	  40ºC	   1,72	   ±0,02	   0,97	   ±0,01	   0,89	   ±0,01	  
Vacuum	  tube	  Group	  B	  80ºC	   0,88	   ±0,01	   0,47	   ±0,01	   0,42	   ±0,01	  
Vacuum	  tube	  Group	  B	  60ºC	   0,75	   ±0,01	   0,41	   ±0,01	   0,37	   ±0,01	  
Vacuum	  tube	  Group	  B	  50ºC	   0,69	   ±0,01	   0,38	   ±0,01	   0,35	   ±0,01	  
Vacuum	  tube	  Group	  B	  40ºC	   0,64	   ±0,01	   0,36	   ±0,01	   0,33	   ±0,01	  
Table	  6.8:	  Average	  production	  costs	  in	  €/(kWh/year)	  for	  the	  different	  collector	  types	  and	  locations.	  
According	   to	   Table	   6.8,	   the	   first	   thing	   that	   has	   to	   be	   said	   is	   that	   the	   higher	   the	   annual	  
production	  of	  electricity	  or	  heat	  of	  the	  location,	  the	  lower	  the	  price	  in	  terms	  of	  €/(kWh/year).	  
This	   means	   that	   the	   prices	   for	   Gävle	   are	   the	   highest	   of	   the	   three	   locations,	   followed	   by	  
Singapore	   and	   then	   for	   Valencia.	   Nevertheless,	  Winsun	   does	   not	   take	   into	   account	   that	   for	  
photovoltaic	   modules,	   if	   the	   ambient	   temperature	   is	   lower,	   its	   efficiency	   maintains	   more	  
constant	   throughout	   the	   day	   as	   the	   cells	   overheat	   less.	   This	   factor	   would	   decrease	   the	  
difference	  in	  prices	  between	  Gävle	  and	  the	  other	  two	  cities	  and	  would	  increase	  the	  difference	  
between	   Valencia	   and	   Singapore,	   as	   the	   temperatures	   in	   Singapore	   are	   higher	   than	   in	  
Valencia.	  On	  the	  other	  hand,	  the	  fact	  that	  there	  are	  higher	  ambient	  temperatures	  in	  Singapore	  
than	  in	  Valencia	  leads	  to	  lower	  price	  differences	  between	  them	  for	  thermal	  collectors	  than	  for	  
photovoltaic	  modules.	  This	  factor	  can	  also	  be	  applied	  including	  Gävle,	  as	  the	  price	  differences	  
between	   thermal	   collectors	   installed	   there	   and	   in	  Valencia	  or	   Singapore	   are	  higher	   than	   the	  
price	   differences	   between	   photovoltaic	   modules.	   This	   is	   because	   the	   higher	   the	   difference	  
between	  the	  ambient	  temperature	  and	  the	  operating	  temperature	  of	  the	  collector,	  the	  lower	  
the	  efficiency	  of	  the	  collector.	  	  
Secondly,	  about	  the	  differences	  between	  the	  two	  types	  of	  PV	  modules	  studied,	  it	  can	  be	  seen	  
that	   both	   have	   a	   very	   similar	   price	   in	   terms	   of	   €/(kWh/year)	   for	   all	   the	   locations.	   This	   is	  
because	   while	   higher	   efficiency	   modules	   have	   higher	   annual	   production	   of	   kWh/(m2/year),	  
lower	  efficiency	  modules	  have	  lower	  costs	  in	  terms	  of	  €/m2	  of	  aperture	  area.	  These	  two	  factors	  
compensate	  each	  other	  and	  that	  is	  why	  their	  price	  in	  €/(kWh/year)	  is	  very	  similar.	  	  
In	  third	  place,	  it	  can	  be	  seen	  that	  the	  group	  A	  of	  vacuum	  tube	  collectors	  have	  always	  a	  much	  
higher	  price	  than	  the	  group	  B.	  This	  is	  because	  they	  are	  more	  expensive	  vacuum	  tube	  collectors	  
	  76	  
	  
and	   it	  has	  been	  considered	   that	  both	  groups	  produce	   the	   same	  heat	  energy	   throughout	   the	  
year.	  	  
Fourthly,	  between	  the	  flat	  plate	  collectors	  and	  the	  vacuum	  tube	  collectors,	  it	  can	  be	  seen	  that	  
the	  flat	  plate	  collectors	  are	  always	  cheaper	  than	  the	  group	  A	  of	  vacuum	  tube	  collectors	  and	  are	  
cheaper	   than	   the	   group	   B	   of	   vacuum	   tube	   collectors	   when	   they	   operate	   at	   low	   average	  
temperatures	  throughout	  the	  year.	  In	  this	  respect,	  when	  they	  operate	  at	  80ºC	  the	  group	  B	  of	  
vacuum	  tube	  collectors	  are	  cheaper	  than	  the	  flat	  plate	  collectors	  as	  well	  as	  when	  they	  operate	  
at	  60ºC	  in	  Gävle	  but	  the	  situation	  is	  the	  other	  way	  around	  for	  the	  rest	  of	  cases.	  	  
	  
Gävle	   Singapore	   Valencia	  
Mean	   Uncertainty	   Mean	   Uncertainty	   Mean	   Uncertainty	  
[€/(kWhe/year)]	  
1,14	  (PV	  
15,5%)	   ±0,23	  
0,75	  (PV	  
15,5%)	   ±0,15	  
0,66	  (PV	  
15,5%)	   ±0,13	  
[€/(kWht/year)]	  80ºC	   0,88	  (V)	   ±0,01	   0,47	  (V)	   ±0,01	   0,42	  (V)	   ±0,01	  
[€/(kWht/year)]	  60ºC	   0,75	  (V)	   ±0,01	   0,36	  (F)	   ±0,02	   0,34	  (F)	   ±0,01	  
[€/(kWht/year)]	  50ºC	   0,67	  (F)	   ±0,03	   0,30	  (F)	   ±0,01	   0,29	  (F)	   ±0,01	  
[€/(kWht/year)]	  40ºC	   0,56	  (F)	   ±0,02	   0,26	  (F)	   ±0,01	   0,25	  (F)	   ±0,01	  
Table	  6.9:	  Optimal	  price,	  in	  €/(kWh/year)	  of	  electricity	  and	  heat,	  for	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  
based	  on	  the	  current	  market	  prices	  of	  PV	  and	  T	  collectors.	  
To	   summarize,	   as	   it	   has	   previously	   been	   established,	   the	   objective	   of	   this	   section	   was	   to	  
determine	   the	   optimal	   price	   for	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   based	   in	   the	   current	  
market	  prices	  of	  PV	  and	  T	  collectors.	  To	  do	  so,	  it	  has	  been	  selected	  from	  Table	  6.8	  the	  cheapest	  
values	   of	   PV	   and	   T	   collectors	   for	   the	   three	   different	   locations	   and	   for	   the	   four	   average	  
operating	   temperatures.	   In	  Table	  6.8,	   “F”	   stands	   for	   flat	  plate	  collectors	  and	  “V”	   for	  vacuum	  
tube	  collectors.	  As	  a	  result,	  the	  optimal	  price,	  in	  €/(kWh/year),	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector	  should	  be	  lower	  than	  the	  ones	  shown	  in	  Table	  6.9.	  	  
Finally,	  thanks	  to	  all	  the	  previous	  results,	  the	  end	  customer	  price	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector	  in	  €	  will	  be	  estimated.	  Firstly,	  it	  has	  been	  calculated	  in	  Section	  5	  that	  the	  daily	  average	  
electrical	  efficiency	  by	  effective	  cell	  area	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  is	  9,1%.	  In	  this	  
case,	  the	  electrical	  efficiency	  will	  be	  calculated	  by	  aperture	  area	  and	  by	  performing	  a	  weighted	  
average	  with	   the	   global	   irradiance	   (Equation	   6.5).	   This	   value	  will	   be	   used	   as	   a	   reference	   to	  
estimate	  the	  daily	  generation	  of	  electricity	  of	  the	  collector.	  
𝜂!",!" = !!",!"!!!! 	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  (6.5)	  
The	   value	  obtained	   for	  𝜂!",!"is	   8,22%	   for	   the	  bottom	   trough	   (one	   third	   size	   cells).	   Thus,	   the	  
daily	  average	  Wp	  of	  the	  collector	  could	  be	  calculated	  using	  Equation	  6.6.	  𝑊! = 𝜂!",!" ∗ 𝑆! ∗ 𝐴!"#$%&$# = 0,0822 ∗ 1000 ∗ 2,001 = 165𝑊	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6.6)	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For	  a	  15,5%	  PV	  module	  this	  corresponds	  to	  a	  total	  area	  of	  1,06m2	  while	  for	  a	  14%	  PV	  module	  
this	   corresponds	   to	   a	   total	   area	   of	   1,17m2.	   Using	   the	   prices	   in	   €/m2	   of	   Table	   6.7,	   this	   is	  
equivalent	  to	  186€	  for	  the	  15,5%	  PV	  module	  and	  192€	  for	  the	  14%	  PV	  module.	  	  
Secondly,	   regarding	   the	   thermal	   part	   of	   the	   Solarus	   AB	   hybrid	   PV/T	   collector,	   it	   has	   been	  
simulated	   with	   Winsun	   its	   annual	   production	   of	   heat.	   This	   has	   been	   done	   by	   using	   the	  
estimation	   of	   the	   U	   value	   and	   the	   thermal	   optical	   beam	   efficiency	   done	   in	   Section	   5.	   The	  
results	  are	  shown	  in	  Table	  6.10	  in	  addition	  with	  the	  results	  from	  Table	  6.3	  from	  the	  simulations	  
made	  for	  flat	  plate	  and	  vacuum	  tube	  collectors.	  
	  
Gävle	  [kWh/(m2*year)]	   Singapore	  [kWh/(m2*year)]	   Valencia	  [kWh/(m2*year)]	  
	  
Solarus	   Flat	  
Plate	  
Vacuum	  
tube	  
Solarus	   Flat	  
Plate	  
Vacuum	  
tube	  
Solarus	   Flat	  
Plate	  
Vacuum	  
tube	  
80ºC	   21	   198	   423	   68	   474	   795	   81	   525	   893	  
60ºC	   78	   311	   501	   211	   706	   914	   246	   755	   1012	  
50ºC	   125	   379	   543	   331	   839	   975	   370	   883	   1073	  
40ºC	   188	   457	   587	   496	   980	   1.037	   525	   1017	   1134	  
Table	  6.10:	  Comparison	  of	  the	  annual	  output	  of	  thermal	  energy	  between	  the	  Solarus	  AB	  hybrid	  PV/T	  
collector	  and	  thermal	  collectors	  for	  three	  different	  locations.	  
Table	  6.11	  shows	  the	  ratio	  between	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  annual	  generation	  of	  
heat	   in	   comparison	   with	   the	   annual	   generation	   of	   heat	   of	   flat	   plate	   and	   vacuum	   tube	  
collectors.	  
	  
Gävle	  [kWh/(m2*year)]	   Singapore	  [kWh/(m2*year)]	   Valencia	  [kWh/(m2*year)]	  
	  
Flat	  Plate	   Vacuum	  tube	   Flat	  Plate	   Vacuum	  tube	   Flat	  Plate	   Vacuum	  tube	  
80ºC	   0,1	   0,05	   0,1	   0,1	   0,2	   0,1	  
60ºC	   0,3	   0,2	   0,3	   0,2	   0,3	   0,2	  
50ºC	   0,3	   0,2	   0,4	   0,3	   0,4	   0,3	  
40ºC	   0,4	   0,3	   0,5	   0,5	   0,5	   0,5	  
Table	  6.11:	  Ratio	  calculated	  for	  the	  comparison	  of	  the	  annual	  output	  of	  thermal	  energy	  between	  the	  
Solarus	  AB	  hybrid	  PV/T	  collector	  and	  thermal	  collectors	  for	  three	  different	  locations.	  
Considering	   that	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   should	  work	   at	   low	   temperatures,	   an	  
average	   could	   be	   made	   for	   the	   values	   at	   50ºC	   and	   40ºC	   and	   for	   the	   three	   locations.	   The	  
average	   obtained	   value	   for	   a	   flat	   plate	   collector	   is	   0,43m2	   of	   aperture	   area	   for	   each	   square	  
meter	  of	  aperture	  area	  of	   the	  Solarus	  AB	  hybrid	  PV/T	  collector	  and	  a	  vacuum	  tube	  collector	  
with	  an	  aperture	  area	  of	  0,36m2	  for	  each	  square	  meter	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
The	   Solarus	   AB	   hybrid	   PV/T	   collector	   has	   an	   aperture	   area	   of	   2,001m2.	   Thus,	   it	   is	   needed	  
0,86m2	  of	  flat	  plate	  or	  0,73m2	  of	  vacuum	  tube	  to	  replace	  it.	  Taking	  into	  account	  the	  prices	  in	  
€/m2	  shown	  in	  Table	  6.7,	  that	  is	  equivalent	  to	  219€	  for	  the	  flat	  plate	  collector	  and	  to	  271€	  for	  
the	  vacuum	  tube	  collector.	  	  
To	  conclude,	  it	  has	  been	  seen	  that	  the	  minimal	  necessary	  investment	  for	  replacing	  the	  Solarus	  
AB	  hybrid	  PV/T	  collector	  is	  190€	  in	  PV	  modules	  and	  around	  220€	  in	  thermal	  collectors.	  Adding	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those	   two	   values	   means	   that	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   should	   have	   an	   end	  
customer	  price	  lower	  than	  410€.	  
	  
Figure	  6.11:	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  can	  be	  replaced	  by	  1,1m2	  of	  PV	  15,5%	  and	  0,85m2	  of	  
aperture	  area	  of	  a	  standard	  flat	  plate	  collector.	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7-­‐ Conclusions	  
7.1 Testing	  and	  Analysis	  of	  the	  Solarus	  AB	  Hybrid	  PV/T	  Collector	  
7.1.1 Conclusions	  
First	  and	   foremost,	   the	  biggest	  achievement	  of	   this	   thesis	  work	  has	  been	  to	  be	  able	   to	  build	  
and	   connect	   successfully	   the	   test	   rig	   installation	   at	   the	   Hall	   45	   of	   Högskolan	   i	   Gävle,	   Gävle,	  
Sweden.	  The	  schedule	  ended	  up	  being	  very	  tight	  and	   it	   is	  a	  great	  satisfaction	  and	  success	   to	  
have	  been	  able	  to	  get	  the	  system	  to	  work	  and	  to	  obtain	  reliable	  and	  relevant	  results.	  
Secondly,	   the	   electrical	   performance	   of	   the	   collector	   has	   been	   characterized.	   The	   estimated	  
peak	  power	  of	  the	  collector	  at	  STC	  is	  220±10W.	  Regarding	  the	  comparison	  between	  the	  front	  
and	  the	  reflector	  side	  of	  the	  troughs,	   it	  has	  been	  found	  that	  Solarus	  AB	  should	  ameliorate	  its	  
design	   in	   order	   to	   decrease	   the	   shading	   effects	   so	   that	   the	   reflector	   side	   improves	   its	  
performance;	  as	  currently	  the	  front	  side	  of	  the	  receiver	  produces	  more	  energy	  throughout	  the	  
day	   than	   the	   reflector	   side.	   Finally,	   about	   the	   comparison	   between	   the	   two	   cell	   sizes,	   the	  
maximum	  power	  obtained	  by	  the	  one	  sixth	  cells	  size	  has	  been	  found	  to	  be	  higher	  than	  the	  one	  
of	   the	   one	   third	   cells	   size.	   This	   higher	   maximum	   power	   reduces	   the	   daily	   electrical	   output	  
difference	  between	  both	  cell	   types	  but	   still	  does	  not	  compensate	   the	   fact	   that	   the	  one	  sixth	  
size	  cells	  perform	  at	  maximum	  power	  during	  less	  time	  than	  the	  one	  third	  size	  cells.	  As	  a	  result,	  
it	   is	   recommended	   to	   Solarus	   AB	   to	   use	   the	   one	   third	   size	   cells.	   In	   addition	   to	   their	   better	  
performance,	  they	  are	  cheaper	  and	  easier	  to	  manufacture.	  	  
Table	  7.1	  summarizes	  the	  most	  important	  results	  obtained	  in	  Section	  4	  and	  Section	  5	  about	  the	  
electrical	  performance	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
	   	  
	  80	  
	  
Parameter	   16th	  April	  2014	  (manual	  
measurements)	  
2nd	  June	  2014	  (automatic	  
measurements)	  
Value	   Uncertainty	   Unit	   Value	   Uncertainty	   Unit	  
Best	  Effective	  Cell	  Area	  Electrical	  
Efficiency	  
13,3	   ±0,3	   %	   12,7	   ±0,3	   %	  
Estimated	  Peak	  Power	  at	  STC	   230	   ±7,5	   W	   215	   ±7,5	   W	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  Front	  Side	  of	  the	  
One	  Third	  Size	  Cells	  
173	   	   Wh	   175	   	   Wh	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  Reflector	  Side	  of	  the	  
One	  Third	  Size	  Cells	  
154	   	   Wh	   141	   	   Wh	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  Front	  Side	  of	  the	  
One	  Sixth	  Size	  Cells	  
166	   	   Wh	   171	   	   Wh	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  Reflector	  Side	  of	  the	  
One	  Sixth	  Size	  Cells	  
145	   	   Wh	   140	   	   Wh	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  One	  Third	  Size	  Cells	  
328	   	   Wh	   315	   	   Wh	  
Daily	  (8am	  to	  1pm)	  Generation	  of	  
Electricity	  of	  the	  One	  Sixth	  Size	  Cells	  
311	   	   Wh	   312	   	   Wh	  
Daily	  (8am	  to	  6pm)	  Average	  Effective	  
Cell	  Area	  Electrical	  Efficiency	  for	  One	  
Third	  Size	  Cells	  
9,7	   ±1,3	   %	   9,1	   ±1,3	   %	  
Daily	  (8am	  to	  6pm)	  Average	  Effective	  
Cell	  Area	  Electrical	  Efficiency	  for	  One	  
Sixth	  Size	  Cells	  
9,3	   ±1,2	   %	   8,9	   ±1,2	   %	  
Maximum	  Power	  Average	  Effective	  
Cell	  Area	  Electrical	  Efficiency	  for	  One	  
Third	  Size	  Cells	  
12,9	   ±0,8	   %	   11,8	   ±0,5	   %	  
Maximum	  Power	  Average	  Effective	  
Cell	  Area	  Electrical	  Efficiency	  for	  One	  
Sixth	  Size	  Cells	  
12,9	   ±0,7	   %	   12,6	   ±0,7	   %	  
Table	  7.1:	  Performance	  factors	  summary	  tested	  results	  of	  the	  electrical	  part	  of	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  
Thirdly,	   about	   the	   thermal	   performance	   of	   the	   collector,	   it	   has	   been	   estimated	   its	   thermal	  
losses	   by	   obtaining	   its	   U	   value	   and	   optical	   beam	   efficiency.	   Table	   7.2	   summarizes	   these	  
parameters.	  
Parameter	   Value	   Unit	  
U	  value	   6,8	   W/(m2*K)	  
Thermal	  Optical	  Beam	  Efficiency	   63,5	   %	  
Total	  Optical	  Beam	  Efficiency	   74,5	   %	  
Table	  7.2:	  Thermal	  efficiency	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	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7.1.2 Future	  Recommendations	  
The	  previous	   results	   show	   that	   Solarus	  AB	  must	   improve	   the	  electrical	   performance	  of	   their	  
collector.	   The	   shading	   effects	   in	   the	   reflector	   side	   of	   the	   receiver	   decrease	   drastically	   their	  
performance	   until	   such	   a	   point	   that	   the	   reflector	   side	   produces	   up	   to	   15-­‐20%	   less	   energy	  
throughout	   the	   day	   than	   the	   front	   side	   of	   the	   receiver.	   Figure	   7.1	   illustrates	   these	   shading	  
problems.	  	  
	  
Figure	  7.1:	  The	  arrows	  show	  the	  movement	  of	  the	  shade	  produced	  by	  the	  frame	  on	  the	  reflector	  trough	  
and	  on	  the	  underside	  of	  the	  receiver,	  as	  the	  sun	  rises	  from	  the	  horizon	  to	  zenith.	  Source:	  [Linkesh	  Anand	  
Diwan,	  July	  2013].	  
So,	  it	  has	  been	  said	  that	  these	  shading	  problems	  limit	  the	  performance	  of	  the	  collector.	  In	  this	  
respect,	   to	  get	  to	  know	  how	  much	  power	  generation	   is	  currently	   lost	  or	  disused,	  the	  current	  
design	  of	   the	  collector	   could	  be	  compared	   to	  a	   flat	   collector	  with	  a	   receiver	  with	  an	  area	  of	  
three	  times	  the	  current	  area	  of	  the	  front	  side	  of	  the	  collector	  and	  without	  reflector	  side.	  This	  
would	  give	  an	  idea	  of	  which	  would	  be	  the	  theoretical	  maximum	  electrical	  generation	  that	  the	  
collector	  could	  have.	  Figure	  7.2	   illustrates	   this	  by	  showing	   the	  power	  generated	  by	   the	   front	  
side	   multiplied	   by	   three	   (blue	   line)	   in	   comparison	   with	   the	   current	   performance	   of	   the	  
collector.	  Thus,	  Figure	  7.2	  gives	  an	   idea	  of	  how	  much	  the	  performance	  of	  the	  collector	  could	  
be	  increased	  by	  solving	  its	  current	  shading	  problems.	  
	  
Figure	  7.2:	  Comparison	  between	  the	  current	  performance	  of	  the	  collector	  with	  a	  flat	  plate	  collector	  with	  
three	  times	  the	  area	  of	  the	  front	  side	  of	  the	  current	  design	  of	  the	  collector.	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After	   the	   communication	   to	   Solarus	   AB	   of	   the	   obtained	   results,	   the	   company	   decided	   to	  
change	  the	  design	  of	  the	  receiver.	  In	  this	  respect,	  various	  alternatives	  were	  analyzed.	  They	  are	  
presented	  below.	  
-­‐ Use	  a	   transparent	  or	  a	  much	   thinner	   frame.	  The	   frame	   is	   the	  main	   cause	  of	   shading	  
and	  thus	  changing	  its	  geometry	  could	  help	  improving	  the	  performance	  of	  the	  collector.	  
-­‐ Make	   the	   box	   of	   the	   collector	   less	   thick.	   This	   solution	   goes	   in	   the	   same	   line	   as	   the	  
previous	  one.	  
-­‐ Double	   the	   size	   of	   the	   cells.	   It	   has	   been	   seen	   that	   the	   cells	   one	   third	   the	   size	   of	   a	  
standard	   cell	   are	   able	   to	   perform	   at	  maximum	   power	   during	   a	   longer	   period.	   Using	  
even	  bigger	   cells	  would	  decrease	   the	   shading	  problems	  and	  would	   also	   reduce	   their	  
production	  costs,	  although	  they	  would	  reduce	  the	  maximum	  power	  of	  the	  collector.	  
-­‐ Increase	   the	  number	  of	   strings	   on	   the	   reflector	   side	   from	   two	   to	   three	  or	   four.	   This	  
could	  be	  done	  by	  adding	  by-­‐pass	  diodes.	  
-­‐ Reorienting	  the	  cells	  on	  the	  reflector	  side	  by	  turning	  them	  90º.	  
The	  solution	  adopted	  consisted	  in	  increasing	  the	  number	  of	  strings	  on	  the	  reflector	  side	  of	  the	  
receiver	  from	  two	  to	  four	  by	  adding	  by-­‐pass	  diodes.	   In	  this	  configuration	  the	  number	  of	  cells	  
would	  be	  the	  same,	  76	  per	  side	  per	  trough,	  and	  they	  would	  be	  all	  connected	  in	  series.	  The	  first	  
by-­‐pass	   diode	   will	   be	   connected	   to	   the	   first	   six	   cells,	   then	   two	   by-­‐pass	   diodes	   would	   be	  
connected	   to	   64	   cells	   (32	   cells	   to	   each	   by-­‐pass	   diode)	   and	   a	   final	   by-­‐pass	   diode	   would	   be	  
connected	  to	  the	  last	  six	  cells.	  About	  the	  front	  side	  of	  the	  receiver,	  in	  this	  case	  the	  cells	  will	  not	  
be	  cut	  and	  will	  be	  connected	  in	  the	  same	  way	  as	  the	  reflector	  side	  using	  four	  by-­‐pass	  diodes.	  
Figure	  7.3	  will	  help	  understand	  this	  configuration.	  
	  
Figure	  7.3:	  New	  receivers	  design	  of	  the	  Solarus	  AB	  hybrid	  PV/T	  collector.	  
About	  the	  performance	  comparison	  between	  the	  two	  different	  cell	  sizes,	  it	  is	  believed	  that	  due	  
to	  the	  change	  in	  the	  design	  of	  the	  receiver	  of	  the	  collector	  its	  daily	  performance	  will	  vary	  and	  
thus	  future	  studies	  should	  be	  made	  to	  determine	  the	  best	  option	  with	  the	  new	  design.	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7.2 Study	  of	  the	  Optimal	  Price	  of	  the	  Solarus	  AB	  Hybrid	  PV/T	  Collector	  
7.2.1 Conclusions	  
An	  average	  end-­‐customer	  price	   in	  €/(kWh/year)	  has	  been	  determined	  for	  different	   locations.	  
The	   prices	   for	   the	   different	   locations	   and	   average	   operating	   temperatures	   of	   the	   thermal	  
collectors	  are	  summarized	  in	  Table	  7.3	  and	  determine	  the	  superior	   limit	  of	  the	  price	  that	  the	  
Solarus	   AB	   hybrid	   PV/T	   collector	   should	   have.	   Currently,	   Solarus	   AB	   has	   opened	   a	   new	  
production	   facility	   in	  Gävle,	   Sweden,	   and	   is	   planning	   to	   open	   the	   first	   of	   a	   number	   of	   large	  
scale	   industrial	   production	   facilities.	   This	   study	   will	   thus	   give	   Solarus	   AB	   a	   reference	   while	  
developing	  these	  new	  facilities.	  
	  
Gävle	   Singapore	   Valencia	  
Mean	   Uncertainty	   Mean	   Uncertainty	   Mean	   Uncertainty	  
[€/(kWhe/year)]	   1,14	   ±0,23	   0,75	   ±0,15	   0,66	   ±0,13	  
[€/(kWht/year)]	  80ºC	   0,88	   ±0,01	   0,47	   ±0,01	   0,42	   ±0,01	  
[€/(kWht/year)]	  60ºC	   0,75	   ±0,01	   0,36	   ±0,02	   0,34	   ±0,01	  
[€/(kWht/year)]	  50ºC	   0,67	   ±0,03	   0,30	   ±0,01	   0,29	   ±0,01	  
[€/(kWht/year)]	  40ºC	   0,56	   ±0,02	   0,26	   ±0,01	   0,25	   ±0,01	  
Table	  7.3:	  Optimal	  price,	  in	  €/(kWh/year)	  of	  electricity	  and	  heat,	  for	  the	  Solarus	  AB	  hybrid	  PV/T	  collector	  
based	  on	  the	  current	  market	  prices	  of	  PV	  and	  T	  collectors.	  
In	  addition,	  it	  has	  also	  been	  concluded	  that	  the	  annual	  energy	  generation	  of	  2m2	  of	  the	  Solarus	  
AB	  hybrid	  PV/T	  collector	  is	  equivalently	  obtained	  by	  around	  1,1m2	  of	  a	  15,5%	  PV	  module	  and	  
0,85m2	  of	  aperture	  area	  of	  a	  flat	  plate	  collector.	  It	  can	  be	  thus	  seen	  that	  the	  Solarus	  AB	  hybrid	  
PV/T	  collector	  would	  be	  replaced	  by	  roughly	   the	  same	  aperture	  area	  by	  combining	  PV	  and	  T	  
collectors.	   This	   means	   that	   theoretically	   no	   roof	   space	   would	   be	   saved	   when	   installing	   the	  
Solarus	   AB	   hybrid	   PV/T	   collector	   instead	   of	   combining	   PV	   and	   T	   collectors.	   In	   economical	  
terms,	  it	  corresponds	  to	  a	  total	  end	  customer	  price	  of	  190€	  for	  the	  PV	  module	  and	  220€	  for	  the	  
flat	   plate	   collector.	   As	   a	   result,	   the	   Solarus	   AB	   hybrid	   PV/T	   collector	   should	   have	   an	   end	  
customer	  price	  lower	  than	  410€.	  
	  
Figure	  7.4:	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  can	  be	  replaced	  by	  1,1m2	  of	  PV	  15,5%	  and	  0,85m2	  of	  
aperture	  area	  of	  a	  standard	  flat	  plate	  collector.	  
7.2.2 Future	  Recommendations	  
The	  first	  thing	  that	  could	  be	  done	  to	  continue	  with	  this	  study	  is	  to	  add	  the	  costs	  of	  the	  other	  
elements	  that	  compose	  the	  system	  such	  as	  inverters	  for	  PV	  modules	  or	  accumulation	  tanks	  for	  
T	  collectors.	   In	  addition,	  a	  study	  to	  determine	  the	  average	  installation	  costs	  could	  be	  done	  in	  
order	   to	   know	   the	   price	   in	   €/(kWh/year)	   installed.	   Secondly,	   there	   are	   currently	   other	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enterprises	  that	  sell	  hybrid	  PV/T	  collectors.	  The	  Solarus	  AB	  hybrid	  PV/T	  collector	  should	  also	  be	  
competitive	  with	  them	  so	  it	  is	  recommended	  to	  have	  a	  look	  at	  the	  end	  customer	  hybrid	  PV/T	  
collector	   market	   prices	   to	   know	   which	   should	   be	   Solarus	   AB	   hybrid	   PV/T	   collector	   price	   in	  
relation	  with	  them.	  As	  before,	  it	  is	  also	  recommended	  to	  have	  a	  look	  at	  their	  installation	  costs.	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Appendix	  
The	  aim	  of	   this	  appendix	   is	   to	  show	   important	  additional	   information	  of	  Section	  6.	  Table	  A.1	  
and	  Table	  A.2	  show	  the	  complete	   list	  of	   flat	  plate	  and	  vacuum	  tube	  collectors	  that	  has	  been	  
made	  in	  order	  to	  determine	  an	  average	  value	  for	  their	  main	  parameters	  (𝜂!! , 𝑎!𝑎𝑛𝑑  𝑎!).	  
APERTURE	  AREA	  
Name	   Eta0	   U1	  [W/(m²*K)]	   U2	  [W/(m²*K²)]	  
GAIA	  RUN	  2.55	  BLUE	   0,807	   3,7	   0,0111	  
GAIA	  RUN	  2.15	  BLUE	   0,795	   3,79	   0,0094	  
OLAR	  FLAME	  MSFC100-­‐2.72m2	   0,831	   3,78	   0,0093	  
SOLAR	  FLAME	  MSFC100-­‐1.50m2	   0,827	   4,15	   0,0084	  
HC.1	   0,737	   2,32	   0,0052	  
CP25VOM	   0,792	   3,28	   0,01	  
ES-­‐24	   0,778	   3,59	   0,0096	  
CP25VOA	   0,767	   3,79	   0,0042	  
CP25VVM	   0,791	   3,74	   0,0042	  
CP25VVA	   0,758	   3,49	   0,0103	  
CS	  100	  F	   0,788	   3,65	   0,012	  
CP25TLA	   0,768	   4,21	   0,0065	  
SKT	  100	   0,796	   3,9	   0,0094	  
APOLLO	  S	  XL	   0,775	   4,33	   0,0057	  
APOLLO	  S	  X	   0,767	   4,32	   0,0077	  
SC-­‐F25/1	   0,786	   4,2	   0,003	  
CAO	  TLP	   0,802	   3,8	   0,0067	  
CAO	  SP	   0,811	   4,46	   0,0096	  
PRIMUS	  2.75	  AR	   0,845	   3,48	   0,0104	  
PRIMUS	  2.75	   0,756	   3,72	   0,0051	  
SUMMER	  TX	   0,734	   3,94	   0,0081	  
SUMMER	  CX	   0,65	   5,77	   0,0115	  
RT	  2,0	   0,801	   3,64	   0,0112	  
COBRA	  Evo	  X	  2.8H	   0,869	   4,09	   0,0095	  
KS2000	  TLP	  ACR	   0,82	   3,79	   0,0118	  
AVERAGE	   0,79	   3,88	   0,008	  
Table	  A.1:	  Average	  parameters	  for	  a	  standard	  flat	  plate.	  Source:	  [SPF,	  2014].	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APERTURE	  AREA	  
Name	   Eta0	   U1	  [W/(m²*K)]	   U2	  [W/(m²*K²)]	  
Eurosun	  Germanstar	  DF	  65/10	   0,792	   2,17	   0,0002	  
Eurosun	  Germanstar	  HP	  65/20	   0,78	   1,64	   0,003	  
Eurosun	  Germanstar	  	  DF	  65/30	   0,778	   1,73	   0,0019	  
Gasokol	  vacuTube	  65/20	   0,71	   1,25	   0,0045	  
Sime	  SV	  HP	  20	   0,71	   1,25	   0,0045	  
Olymp	  Sunstar	  HP	  65/20	   0,71	   1,25	   0,0045	  
Eurosun	  Sunstar	  DF	  100/6	   0,792	   1,62	   0,0021	  
Amosol	  	  	  AS	  HP	  70.20	   0,703	   1,52	   0,0062	  
Eurosun	  Sunstar	  HP	  65/20	   0,71	   1,25	   0,0045	  
Enertech	  Enersol	  HP	  65-­‐30	   0,717	   1,31	   0,0031	  
Enertech	  Enersol	  HP	  65-­‐20	   0,71	   1,25	   0,0045	  
Solarpartner	  solpaTube	  DF	   0,792	   1,62	   0,0021	  
IMA	  HP	  65/30	   0,717	   1,31	   0,0031	  
IMA	  HP	  65/20	   0,71	   1,25	   0,0045	  
Eurosun	  Germanstar	  HP	  65/30	   0,78	   1,73	   0,0007	  
Gasokol	  vacuTube	  65/30	   0,717	   1,31	   0,0031	  
Sime	  SV	  HP	  30	   0,717	   1,31	   0,0031	  
Olymp	  Sunstar	  HP	  65/30	   0,717	   1,31	   0,0031	  
Eurosun	  Sunstar	  DF	  120/6	   0,804	   1,36	   0,0022	  
Amosol	  AS	  HP	  70.05	   0,694	   1,98	   0,0016	  
Eurosun	  Sunstar	  HP	  65/30	   0,717	   1,31	   0,0031	  
SOLTOP	  T6-­‐DF	   0,753	   1,42	   0,0071	  
Thermostrom	  Strebel	  AS	  100	  DF6	   0,753	   1,42	   0,0071	  
Thermostrom	  Strebel	  AS	  100	  HP16	   0,74	   1,52	   0,0052	  
Olymp	  Sunstar	  HP30	   0,773	   1,62	   0,001	  
AVERAGE	   0,74	   1,47	   0,003	  
Table	  A.2:	  Average	  parameters	  for	  a	  standard	  vacuum	  tube.	  Source:	  [SPF,	  2014].	  
Table	  A.3	   to	  Table	  A.11	   show	   the	   complete	   results	   of	   the	   simulations	  made	  with	  Winsun	   to	  
determine	   the	   annual	   production	   of	   the	   four	   types	   of	   collector	   and	   the	   three	   locations	  
selected.	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SINGAPORE	  
Month	  
Global	  Irradiation	  	  
[kWh/(m2*year)]	  
Beam	  Irradiation	  	  
[kWh/(m2*year)]	  
Diffuse	  Irradiation	  	  
[kWh/(m2*year)]	  
Output	  PV	  14%	  
[kWh/(m2*year)]	  
Output	  PV	  15,5%	  
[kWh/(m2*year)]	  
Jan	   142	   68	   74	   18	   20	  
Feb	   144	   69	   76	   19	   21	  
Mar	   153	   64	   89	   20	   22	  
Apr	   138	   58	   80	   18	   20	  
May	   134	   62	   73	   17	   19	  
Jun	   130	   58	   71	   17	   19	  
Jul	   137	   61	   76	   18	   20	  
Aug	   139	   60	   80	   18	   20	  
Sep	   135	   57	   79	   18	   19	  
Oct	   136	   54	   82	   18	   20	  
Nov	   118	   41	   77	   15	   17	  
Dec	   123	   46	   78	   16	   18	  
Total	   1631	   697	   934	   211	   233	  
Table	  A.3:	  Singapore	  PV	  14%	  and	  15,5%	  annual	  electricity	  production.	  
SINGAPORE	  
Month	  
Output	   Flat	   Plate	   80ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   60ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   50ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   40ºC	  
[kWh/(m2*year)]	  
Jan	   43	   62	   73	   85	  
Feb	   47	   67	   78	   89	  
Mar	   48	   70	   82	   95	  
Apr	   41	   61	   73	   84	  
May	   40	   58	   69	   81	  
Jun	   38	   57	   67	   78	  
Jul	   38	   59	   70	   82	  
Aug	   39	   60	   72	   84	  
Sep	   39	   59	   70	   81	  
Oct	   40	   60	   71	   82	  
Nov	   29	   46	   57	   68	  
Dec	   31	   48	   59	   71	  
Total	   474	   706	   839	   980	  
Table	  A.4:	  Singapore	  flat	  plate	  annual	  heat	  production.	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SINGAPORE	  
Month	  
Output	   Vacuum	   Tube	  
80ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
60ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
50ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
40ºC	  [kWh/(m2*year)]	  
Jan	   70	   80	   85	   90	  
Feb	   74	   84	   88	   93	  
Mar	   77	   88	   93	   99	  
Apr	   68	   78	   83	   88	  
May	   65	   75	   80	   85	  
Jun	   63	   73	   78	   83	  
Jul	   66	   77	   82	   87	  
Aug	   68	   78	   83	   89	  
Sep	   66	   76	   81	   86	  
Oct	   67	   76	   82	   87	  
Nov	   54	   63	   68	   73	  
Dec	   56	   66	   71	   77	  
Total	   795	   914	   975	   1037	  
Table	  A.5:	  Singapore	  vacuum	  tube	  annual	  heat	  production.	  
VALENCIA	  
Month	  
Global	  Irradiation	  	  
[kWh/(m2*year)]	  
Beam	  Irradiation	  	  
[kWh/(m2*year)]	  
Diffuse	  Irradiation	  	  
[kWh/(m2*year)]	  
Output	  PV	  14%	  
[kWh/(m2*year)]	  
Output	  PV	  15,5%	  
[kWh/(m2*year)]	  
Jan	   104	   68	   36	   14	   15	  
Feb	   129	   92	   37	   17	   19	  
Mar	   166	   115	   51	   22	   24	  
Apr	   176	   112	   64	   23	   26	  
May	   180	   98	   81	   23	   26	  
Jun	   185	   107	   78	   24	   27	  
Jul	   195	   122	   73	   26	   28	  
Aug	   181	   105	   76	   24	   26	  
Sep	   157	   98	   59	   21	   23	  
Oct	   145	   92	   53	   19	   21	  
Nov	   106	   69	   37	   14	   15	  
Dec	   95	   64	   32	   13	   14	  
Total	   1819	   1142	   677	   238	   264	  
Table	  A.6:	  Valencia	  PV	  14%	  and	  15,5%	  annual	  electricity	  production.	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VALENCIA	  
Month	  
Output	   Flat	   Plate	   80ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   60ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   50ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   40ºC	  
[kWh/(m2*year)]	  
Jan	   20	   33	   40	   49	  
Feb	   35	   50	   59	   68	  
Mar	   49	   68	   79	   90	  
Apr	   52	   73	   85	   97	  
May	   50	   73	   86	   99	  
Jun	   57	   82	   94	   107	  
Jul	   67	   93	   106	   120	  
Aug	   61	   85	   98	   112	  
Sep	   52	   71	   83	   94	  
Oct	   41	   60	   71	   83	  
Nov	   24	   37	   45	   54	  
Dec	   19	   30	   37	   45	  
Total	   525	   755	   883	   1017	  
Table	  A.7:	  Valencia	  flat	  plate	  annual	  heat	  production.	  
VALENCIA	  
Month	  
Output	   Vacuum	   Tube	  
80ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
60ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
50ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
40ºC	  [kWh/(m2*year)]	  
Jan	   45	   53	   57	   61	  
Feb	   62	   71	   75	   79	  
Mar	   82	   92	   98	   103	  
Apr	   88	   98	   104	   109	  
May	   87	   98	   105	   111	  
Jun	   93	   104	   110	   116	  
Jul	   102	   114	   120	   126	  
Aug	   94	   105	   111	   117	  
Sep	   81	   90	   95	   100	  
Oct	   72	   82	   87	   92	  
Nov	   48	   56	   60	   64	  
Dec	   41	   48	   52	   56	  
Total	   893	   1012	   1073	   1134	  
Table	  A.8:	  Valencia	  vacuum	  tube	  annual	  heat	  production.	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GÄVLE	  
Month	  
Global	  Irradiation	  	  
[kWh/(m2*year)]	  
Beam	  Irradiation	  	  
[kWh/(m2*year)]	  
Diffuse	  Irradiation	  	  
[kWh/(m2*year)]	  
Output	  PV	  14%	  
[kWh/(m2*year)]	  
Output	  PV	  15,5%	  
[kWh/(m2*year)]	  
Jan	   22	   14	   8	   3	   3	  
Feb	   34	   18	   16	   4	   4	  
Mar	   103	   69	   33	   13	   14	  
Apr	   147	   91	   56	   19	   21	  
May	   157	   91	   66	   20	   23	  
Jun	   154	   84	   70	   20	   23	  
Jul	   158	   93	   65	   21	   24	  
Aug	   112	   55	   57	   15	   16	  
Sep	   104	   66	   39	   14	   14	  
Oct	   53	   28	   25	   7	   7	  
Nov	   17	   9	   8	   2	   2	  
Dec	   14	   9	   5	   2	   2	  
Total	   1075	   627	   448	   140	   153	  
Table	  A.9:	  Gävle	  PV	  14%	  and	  15,5%	  annual	  electricity	  production.	  
GÄVLE	  
Month	  
Output	  Flat	  Plate	  80ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   60ºC	  
[kWh/(m2*year)]	  
Output	   Flat	   Plate	   50ºC	  
[kWh/(m2*year)]	  
Output	  Flat	  Plate	  40ºC	  
[kWh/(m2*year)]	  
Jan	   0	   1	   1	   3	  
Feb	   2	   4	   6	   8	  
Mar	   16	   26	   32	   38	  
Apr	   26	   42	   52	   63	  
May	   33	   50	   60	   71	  
Jun	   34	   51	   61	   73	  
Jul	   39	   57	   67	   79	  
Aug	   21	   34	   42	   51	  
Sep	   21	   33	   40	   47	  
Oct	   4	   9	   12	   16	  
Nov	   1	   2	   3	   4	  
Dec	   0	   1	   2	   3	  
Total	   198	   311	   379	   457	  
Table	  A.10:	  Gävle	  flat	  plate	  annual	  heat	  production.	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GÄVLE	  
Month	  
Output	   Vacuum	   Tube	  
80ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
60ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
50ºC	  [kWh/(m2*year)]	  
Output	   Vacuum	   tube	  
40ºC	  [kWh/(m2*year)]	  
Jan	   3	   5	   7	   8	  
Feb	   8	   11	   12	   13	  
Mar	   39	   46	   50	   54	  
Apr	   61	   72	   77	   82	  
May	   65	   77	   83	   89	  
Jun	   65	   76	   82	   88	  
Jul	   70	   81	   87	   93	  
Aug	   44	   52	   58	   63	  
Sep	   43	   50	   54	   58	  
Oct	   16	   20	   22	   25	  
Nov	   5	   6	   6	   7	  
Dec	   3	   5	   5	   6	  
Total	   423	   501	   543	   587	  
Table	  A.11:	  Gävle	  vacuum	  tube	  annual	  heat	  production.	  
Table	   A.12	   and	   Table	   A.13	   show	   the	   complete	   list	   of	   end-­‐customer	   prices	   for	   PV	   and	   T	  
collectors	  used	   in	   the	  market	   study	   to	  determine	   the	  optimal	  price	   of	   the	  Solarus	  AB	  hybrid	  
PV/T	  collector.	  In	  Table	  A.12,	  in	  the	  column	  called	  “Type”,	  “M”	  stands	  for	  monocrystalline	  and	  
“P”	  for	  polycrystalline.	  	  
Company	   Article	  Code	   Type	   Efficiency	  (%)	   Price	  [€]	   Wp	  [W]	   Area	  [m2]	  
Price/Wp	  
[€/W]	  
Price/Area	  
[€/m2]	  
Alte	   ALT80-­‐12P	   P	   13,52%	   108,30	   80,0	   0,5919	   1,35	   182,99	  
Alte	   ALT100-­‐24P	   P	   13,80%	   144,64	   100,0	   0,7249	   1,45	   199,55	  
Bosch	   C-­‐si	  M60+S	   M	   14,05%	   224,91	   235,0	   1,6723	   0,96	   134,49	  
Bosch	   C-­‐si	  M48	   M	   14,10%	   178,50	   195,0	   1,3830	   0,92	   129,07	  
Bosch	   C-­‐si	  M60+S	   M	   14,65%	   249,90	   245,0	   1,6723	   1,02	   149,43	  
Bosch	   C-­‐si	  M60	   M	   15,20%	   310,11	   280,0	   1,8420	   1,11	   168,36	  
Canadian	  Solar	   CS6X-­‐280P	   P	   14,59%	   149,00	   280,0	   1,9188	   0,53	   77,65	  
Chint	   185W	   M	   14,50%	   155,87	   185,0	   1,2760	   0,84	   122,16	  
Chint	   190W	   M	   14,90%	   160,08	   190,0	   1,2750	   0,84	   125,55	  
Conergy	   Power	  Plus	   P	   15,36%	   248,78	   250,0	   1,6279	   1,00	   152,82	  
Conergy	   Power	  Plus	   P	   15,66%	   253,85	   255,0	   1,6279	   1,00	   155,94	  
Jangsu	   GPM185-­‐A-­‐72	   M	   14,49%	   218,00	   185,0	   1,2766	   1,18	   170,76	  
Joysolar	  &	  OEM	   JYSP-­‐170	   M	   13,94%	   201,83	   178,0	   1,2766	   1,13	   158,10	  
Kyocera	   KD245GH-­‐4YB2	   P	   14,80%	   302,63	   245,0	   1,6454	   1,24	   183,93	  
Kyocera	   2240206	   P	   14,81%	   331,00	   220,0	   1,4850	   1,50	   222,90	  
Kyocera	   2240215	   P	   14,95%	   375,00	   215,0	   1,4385	   1,74	   260,69	  
REC	   2239032	   P	   13,33%	   282,00	   220,0	   1,6500	   1,28	   170,91	  
REC	   2239034	   P	   13,64%	   288,00	   225,0	   1,6500	   1,28	   174,54	  
REC	   2239035	   P	   13,94%	   294,00	   230,0	   1,6500	   1,28	   178,18	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REC	   2239040	   P	   14,24%	   300,00	   235,0	   1,6500	   1,28	   181,82	  
REC	   REC240PE	   P	   14,50%	   220,22	   240,0	   1,6500	   0,92	   133,47	  
REC	   2239043	   P	   14,85%	   314,00	   245,0	   1,6500	   1,28	   190,30	  
REC	   REC250PE	   P	   15,10%	   258,20	   250,0	   1,6500	   1,03	   156,48	  
REC	   REC255PE	   P	   15,50%	   263,38	   255,0	   1,6500	   1,03	   159,62	  
REC	   REC260PE	   P	   15,80%	   273,03	   260,0	   1,6500	   1,05	   165,47	  
Schott	   2240025	   P	   13,45%	   320,00	   225,0	   1,6732	   1,42	   191,25	  
Schott	   2240027	   P	   13,75%	   327,00	   230,0	   1,6732	   1,42	   195,43	  
Schott	   2240028	   P	   14,04%	   247,00	   235,0	   1,6732	   1,05	   147,62	  
Schott	   2240030	   P	   14,34%	   260,00	   240,0	   1,6732	   1,08	   155,39	  
Schott	   2240051	   M	   14,48%	   191,00	   190,0	   1,3122	   1,01	   145,56	  
Schott	   2240035	   P	   14,64%	   274,00	   245,0	   1,6732	   1,12	   163,76	  
Schott	   2240052	   M	   14,86%	   202,00	   195,0	   1,3122	   1,04	   153,94	  
Schott	   2240037	   P	   14,94%	   287,00	   250,0	   1,6732	   1,15	   171,53	  
Schott	   2240054	   M	   15,29%	   347,00	   250,0	   1,6355	   1,39	   212,17	  
Schott	   2240056	   M	   15,59%	   276,00	   255,0	   1,6355	   1,08	   168,76	  
Schott	   2240060	   M	   15,90%	   290,00	   260,0	   1,6355	   1,12	   177,32	  
Schott	   2240062	   M	   16,20%	   304,00	   265,0	   1,6355	   1,15	   185,88	  
Schücco	   2240040	   P	   14,59%	   251,00	   235,0	   1,6111	   1,07	   155,79	  
Schücco	   2240042	   P	   14,90%	   260,00	   240,0	   1,6111	   1,08	   161,38	  
Schücco	   2240044	   P	   15,21%	   266,00	   245,0	   1,6111	   1,09	   165,10	  
Solar	  World	   2235225	   P	   13,42%	   308,00	   225,0	   1,6767	   1,37	   183,70	  
Solar	  World	   SW140	   P	   13,65%	   178,08	   140,0	   1,0254	   1,27	   173,66	  
Solar	  World	   2235230	   P	   13,72%	   316,00	   230,0	   1,6767	   1,37	   188,47	  
Solar	  World	   2235235	   P	   14,02%	   323,00	   235,0	   1,6767	   1,37	   192,64	  
Solar	  World	   2235240	   P	   14,31%	   330,00	   240,0	   1,6767	   1,38	   196,82	  
Solar	  World	   SW265	   M	   15,81%	   224,60	   265,0	   1,6762	   0,85	   134,00	  
Solar	  World	   SW270	   M	   16,10%	   207,15	   270,0	   1,6770	   0,77	   123,52	  
Solarwatt	   Blue	  60P	   P	   15,03%	   247,91	   250,0	   1,6632	   0,99	   149,06	  
Solarwatt	   60M	  Style	   M	   15,33%	   377,37	   255,0	   1,6632	   1,48	   226,89	  
Solarwatt	   60M	  Style	   M	   15,93%	   396,21	   265,0	   1,6632	   1,50	   238,22	  
Solarwatt	   60M	  Style	   M	   16,23%	   407,80	   270,0	   1,6632	   1,51	   245,19	  
SumSol	   MP1351230	   P	   13,50%	   187,10	   135,0	   0,9999	   1,39	   187,11	  
SumSol	   MM2453711	   M	   14,79%	   338,26	   245,0	   1,6570	   1,38	   204,14	  
SumSol	   MM1902430	   M	   14,88%	   231,00	   190,0	   1,2766	   1,22	   180,94	  
SumSol	   MM2503711	   M	   15,09%	   345,17	   250,0	   1,6570	   1,38	   208,31	  
Sun	  Earth	   51795	   P	   15,04%	   199,00	   245,0	   1,6289	   0,81	   122,17	  
Sun	  Earth	   51794	   M	   15,67%	   159,00	   200,0	   1,2766	   0,80	   124,55	  
Suntech	   PLUTO185/Ade	   M	   14,50%	   197,79	   185,0	   1,2766	   1,07	   154,93	  
Suntech	   STP250S-­‐20/Wd	   M	   15,40%	   295,40	   250,0	   1,6269	   1,18	   181,57	  
TechnoSun	   SYP140S	   P	   13,91%	   188,09	   140,0	   1,0064	   1,34	   186,89	  
TechnoSun	   SYP150S	   P	   14,90%	   191,54	   150,0	   1,0064	   1,28	   190,32	  
Trina	  Solar	   SOL-­‐T250	   P	   15,27%	   247,13	   250,0	   1,6368	   0,99	   150,98	  
Yingli	  Solar	   YL235P-­‐29b	   P	   14,39%	   176,05	   235,0	   1,6335	   0,75	   107,77	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Yingli	  Solar	   255	  C-­‐30b	  Panda	   M	   15,60%	   246,85	   255,0	   1,6350	   0,97	   150,98	  
Yingli	  Solar	   260	  C-­‐30b	  Panda	   M	   15,90%	   262,25	   260,0	   1,6350	   1,01	   160,40	  
Yingli	  Solar	   265	  C-­‐30b	  Panda	   M	   16,20%	   278,01	   265,0	   1,6360	   1,05	   169,93	  
Table	  A.12:	  Photovoltaic	  modules	  end-­‐customer	  prices	  data	  base.	  Sources:	  [Photovoltaic	  module	  prices,	  
2014].	  
Company	   Article	  Code	   Type	   Price	  [€]	  
Aperture	  
Area	  [m2]	  
Price/Aperture	  
Area	  [€/m2]	  
Alternate	  Energy	   AE-­‐40	   Flat	  Plate	   778,60	   3,48	   223,67	  
Alternate	  Energy	   AE-­‐21	   Flat	  Plate	   465,91	   1,78	   261,31	  
Alternate	  Energy	   MSC-­‐21	   Flat	  Plate	   538,60	   1,76	   306,02	  
Alternate	  Energy	   AE-­‐24	   Flat	  Plate	   508,07	   2,04	   248,69	  
Alternate	  Energy	   MSC-­‐24	   Flat	  Plate	   578,28	   2,02	   286,99	  
Alternate	  Energy	   MSC-­‐40	   Flat	  Plate	   798,81	   3,58	   223,13	  
Alternate	  Energy	   AE-­‐26	   Flat	  Plate	   563,31	   2,20	   256,40	  
Alternate	  Energy	   MSC-­‐26	   Flat	  Plate	   618,91	   2,17	   285,08	  
Alternate	  Energy	   AE-­‐28	   Flat	  Plate	   612,30	   2,43	   251,97	  
Alternate	  Energy	   MSC-­‐28	   Flat	  Plate	   655,76	   2,40	   272,89	  
Alternate	  Energy	   AE-­‐32	   Flat	  Plate	   635,99	   2,78	   228,69	  
Alternate	  Energy	   MSC-­‐32	   Flat	  Plate	   702,06	   2,75	   255,30	  
Astersa	   AS	  2.0	  M	   Flat	  Plate	   339,00	   2,00	   169,50	  
Astersa	   AS	  2.4	  M	   Flat	  Plate	   449,00	   2,40	   187,08	  
Boro	   195-­‐0002	  	   Flat	  Plate	   325,90	   1,16	   280,95	  
Catch	   SHX	   Flat	  Plate	   352,00	   0,72	   488,89	  
Catch	   SHX	   Flat	  Plate	   416,00	   0,96	   433,33	  
Catch	   SHX	   Flat	  Plate	   553,00	   1,48	   373,65	  
Eurotherm	   R20	   Vacuum	  Tube	   519,00	   1,87	   277,54	  
Eurotherm	   R30	   Vacuum	  Tube	   699,00	   2,81	   248,75	  
Exosol	   A	  AT024	   Flat	  Plate	   725,47	   2,41	   301,02	  
Exosol	   S701010	   Vacuum	  Tube	   1020,56	   0,96	   1063,09	  
Exosol	   S701015	   Vacuum	  Tube	   1494,90	   1,43	   1045,39	  
Exosol	   S701020	   Vacuum	  Tube	   1997,82	   1,91	   1045,98	  
Exosol	   S4007	   Vacuum	  Tube	   1250,03	   1,15	   1086,98	  
Exosol	   S4008	   Vacuum	  Tube	   1710,42	   1,72	   994,43	  
Haier	  Solar	   PGT	  2.0-­‐2	   Flat	  Plate	   279,00	   1,86	   150,00	  
Heliodyne	   410001	   Flat	  Plate	   902,79	   3,47	   260,17	  
Heliodyne	   406001	   Flat	  Plate	   663,02	   2,31	   287,02	  
Heliodyne	   408001	   Flat	  Plate	   785,12	   2,78	   282,42	  
Hucusol	   1100	  VP-­‐1	   Flat	  Plate	   349,00	   2,00	   174,50	  
Roth	   Heliostar	  252	  S4	   Flat	  Plate	   639,00	   2,30	   277,83	  
Roth	   Heliostar	  218	  S4	   Flat	  Plate	   599,00	   1,98	   302,53	  
Salvador	  Escoda	   2300	   Flat	  Plate	   510,00	   2,10	   242,86	  
Salvador	  Escoda	   2800	   Flat	  Plate	   601,00	   2,66	   225,94	  
Salvador	  Escoda	   3.0	   Flat	  Plate	   722,00	   2,61	   276,63	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Salvador	  Escoda	   2100	  XBA	   Flat	  Plate	   346,00	   1,99	   173,87	  
Salvador	  Escoda	   2300	  XBA	   Flat	  Plate	   367,00	   2,16	   169,91	  
Salvador	  Escoda	   2800	  XBA	   Flat	  Plate	   419,00	   2,58	   162,40	  
Salvador	  Escoda	   AKU	  20	   Vacuum	  Tube	   797,00	   2,03	   392,61	  
Salvador	  Escoda	   AKU	  16	   Vacuum	  Tube	   640,00	   1,60	   400,00	  
Salvador	  Escoda	   AKU	  12	   Vacuum	  Tube	   525,00	   1,20	   437,50	  
Salvador	  Escoda	   SUNMAX	  6	   Vacuum	  Tube	   398,00	   0,57	   698,25	  
Salvador	  Escoda	   SUNMAX	  15	   Vacuum	  Tube	   686,00	   1,42	   483,10	  
Salvador	  Escoda	   SUNMAX	  20	   Vacuum	  Tube	   904,00	   1,89	   478,31	  
Salvador	  Escoda	   SUNMAX	  24	   Vacuum	  Tube	   1049,00	   2,27	   462,11	  
Salvador	  Escoda	   SUNMAX	  30	   Vacuum	  Tube	   1301,00	   2,48	   524,60	  
Salvador	  Escoda	   2000	   Flat	  Plate	   469,00	   1,83	   256,28	  
Salvador	  Escoda	   2500	   Flat	  Plate	   643,00	   2,34	   274,79	  
Salvador	  Escoda	   2.0	   Flat	  Plate	   520,00	   1,87	   278,07	  
Salvador	  Escoda	   2300	   Flat	  Plate	   301,00	   2,15	   140,00	  
Salvador	  Escoda	   2300	  selectivo	   Flat	  Plate	   455,00	   2,15	   211,63	  
Solar	  Collect	   TS-­‐20-­‐58PA	   Vacuum	  Tube	   361,77	   1,89	   191,41	  
Solimpeks	   Wunder	  ALS	  2110	   Flat	  Plate	   299,00	   1,92	   155,73	  
Solimpeks	   Wunder	  CLS	  2108	   Flat	  Plate	   349,00	   1,92	   181,77	  
Solimpeks	   	  Wunder	  CLS-­‐H	  2108	   Flat	  Plate	   335,00	   1,92	   174,48	  
Soustainable	   ITS	  -­‐	  FLP2.0	  -­‐	  Horizontal	   Flat	  Plate	   252,03	   1,88	   134,06	  
Soustainable	   ITS	  –	  FTP2.4	   Flat	  Plate	   282,30	   2,24	   126,03	  
Sti	  Solar	   FKA	  240	   Flat	  Plate	   349,00	   2,23	   156,50	  
SunMaxSolar	   TitanPower-­‐ALDH29	   Flat	  Plate	   453,99	   2,57	   176,42	  
SunMaxSolar	   TitanPower-­‐ALDH40-­‐PS	   Flat	  Plate	   626,22	   3,51	   178,32	  
SunMaxSolar	   TitanPowerPlus-­‐SU2	   Flat	  Plate	   495,64	   1,87	   264,50	  
SunMaxSolar	   TitanPowerPlus	  AU40	   Flat	  Plate	   754,98	   3,52	   214,76	  
SunMaxSolar	   TitanPowerPlus-­‐AA3	   Flat	  Plate	   1400,79	   2,69	   520,47	  
SunMaxSolar	   TitanPowerPlus	  AU32	   Flat	  Plate	   872,21	   2,80	   311,39	  
SunMaxSolar	   TitanPower-­‐AU32	   Flat	  Plate	   573,74	   2,72	   210,92	  
SunMaxSolar	   TitanPower-­‐AL2DH	   Flat	  Plate	   434,62	   1,97	   220,46	  
SunMaxSolar	   VHP10	   Vacuum	  Tube	   412,56	   0,93	   443,63	  
SunMaxSolar	   VHP20	   Vacuum	  Tube	   748,36	   1,86	   402,16	  
SunMaxSolar	   VHP30	   Vacuum	  Tube	   1036,20	   2,79	   371,29	  
SunMaxSolar	   VHP30	  V1	   Vacuum	  Tube	   689,78	   2,79	   247,16	  
Sunpower	   SPA	  58/1800-­‐20	   Vacuum	  Tube	   499,00	   1,90	   262,63	  
Sunpower	   SPA	  58/1800-­‐30	   Vacuum	  Tube	   699,00	   2,95	   236,95	  
Thermomax	   HP	  100-­‐20	   Vacuum	  Tube	   2139,02	   2,00	   1069,51	  
Thermomax	   HP	  100-­‐30	   Vacuum	  Tube	   2709,15	   3,00	   903,05	  
Thermomax	   HP	  100-­‐40	   Vacuum	  Tube	   3605,29	   4,00	   901,32	  
Thermomax	   HP	  100-­‐60	   Vacuum	  Tube	   4845,11	   6,00	   807,52	  
Thermomax	   HP	  400-­‐20	   Vacuum	  Tube	   2387,56	   2,00	   1193,78	  
Thermomax	   HP	  400-­‐30	   Vacuum	  Tube	   3074,19	   3,00	   1024,73	  
Thermomax	   HP	  400-­‐40	   Vacuum	  Tube	   4144,77	   4,00	   1036,19	  
	  100	  
	  
Thermomax	   HP	  400-­‐60	   Vacuum	  Tube	   5518,04	   6,00	   919,67	  
Wagner	  &	  Co	   C20	  ARM	  Aluminum	   Flat	  Plate	   869,31	   2,36	   368,39	  
Wagner	  &	  Co	   C20	  ARM	  Black	   Flat	  Plate	   936,18	   2,36	   396,73	  
Wagner	  &	  Co	   L42	  HTF	   Flat	  Plate	   564,76	   2,01	   281,44	  
Stiebel	  Eltron	   230016	   Flat	  Plate	   907,84	   2,54	   357,00	  
Stiebel	  Eltron	   560016	   Flat	  Plate	   1016,86	   2,54	   399,88	  
Stiebel	  Eltron	   2277749	   Flat	  Plate	   653,44	   2,73	   239,55	  
Andy	  Schroder	   CPC1518	   Vacuum	  Tube	   490,62	   2,99	   164,09	  
Table	  A.13:	  Thermal	  collector	  end-­‐customer	  prices	  data	  base.	  Sources:	  [Thermal	  collector	  prices,	  2014].	  
